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The catalyzed partial oxidation of ethylene using oxygen was 
studied. Six silver-based catalysts were prepared, and the effects of 
Baco3 and Bao 2 as moderators were investigated. Silver components of 
the catalysts were either AgO or Ag2co3 • 
The catalysts were characterized before and after exposure to re-
action conditions using scanning electron microscopy, Auger electron 
emission spectroscopy and X-ray spectroscopy. Thermal and elemental 
analyses of the unconditioned bulk catalysts were also obtained. 
The activities of the six catalysts were compared using a flow 
reactor system. Reactor temperatures were varied from 180°C to 320°C 
with inlet gas compositions of oxygen/ethylene of 50/50, 70/30 and 
90/10 mole percent, respectively. 
Conditioning of the catalysts prior to reaction caused the silver 
compound to be reduced to metallic silver. The conditioning and reac-
tion periods also caused all the catalysts to sinter which resulted 
in a reduction of catalyst surface area. The barium additives reduced 
the extent of sintering, especially in the case of the catalysts pre-
pared by coprecipitation. Octanol, used in the catalyst preparation 
step as a mulling agent, reacted with and altered the unconditioned 
AgO catalysts. However, the conditioning procedure removed the 
octanol reaction residue. 
The barium additives stabilize the silver surface allowing the 
catalyst to retain higher activity due to higher surface area. There 
was no evidence of a high surface area barium carbonate film covering 
the modified catalysts. 
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The oxidation of ethylene to ethylene oxide over a silver surface 
has been investigated by numerous researchers both in the United States 
and abroad. Since ethylene oxide is an important chemical intermediate, 
much of the research reported to date concerns the improvement of cata-
lysts for industrial use. There is a wide variation in the reported 
mechanisms of the reation, and only scattered agreement among investiga-
tors on the kinetics of the reaction. Part of this difference is the 
large change in catalyst activity which can be caused by the presence of 
relatively small amounts of impurities or additives. Few investigations 
to date have defined the chemical composition of the catalyst surface 
before or after the reaction. Each investigator's kinetics may be cor-
rect for his catalyst but may not be applicable to any other catalyst 
system. 
A definable surface analysis was pursued on a specific catalyst 
system. The kinetics of the reation were determined but no mechanism 
could be proposed from the kinetic data obtained. 
The role of barium as a moderator was investigated in this project. 
It is widely used as an additive in ethylene oxidation catalysts, but 
its role has not been determined. The oxidation state of silver was in-
vestigated in relation to its activity as an oxidation catalyst. Poss-




Percent (%): Unless otherwise noted, percent refers to mole percent of 
a sample. 
2 
95 Oz/5 Et: This is a gas stream composition in mole percent, 95 percent 
oxygen and 5 percent ethylene. 
Et: ethylene 
EtO: ethylene oxide 
"dry" catalyst: The prepared catalyst which had not come into contact 
with octanol. 
':wet" catalyst: The prepared catalyst which had been mixed with octanol. 
3 
III. LITERATURE REVIEW 
The first definitive research investigation of the oxidation of 
. 1-4 
ethylene to ethylene oxide over a silver catalyst was made by Tw1gg 
in 1945, although the ability of silver to catalyze that reaction had 
been previously published in a patent issued to Lefort 5 in 1931. Since 
Twigg's pioneering effort, many other investigators have used a silver 
based catalyst to study this reaction. Several of these works will be 
6 7 
mentioned here, and Vogue and Adams ' have recently given two very 
comprehensive literature reviews on this subject. 
A. Reaction 
The direct oxidation of ethylene to ethylene oxide is catalyzed 
uniquely by silver. The reaction does proceed homogenously as reported 
by Lehner 8 , but the yield of ethylene oxide is very low. Higher carbon 
number olefins are totally oxidized by silver to carbon dioxide and 
water. 
The reactions which take place on the silver at atmospheric pressure 
and temperatures between 180°C and 350°C are: 
CzH4 + 1/2 Oz ---c2H4o 
c2H4 + 3 02 ~2 co 2 + 2 HzO 
CzH4o + 5/2 o2~2 co 2 + 2 H20 
Traces of other by-products have been found but their amounts are 
very small. Most industrial catalysts have a selectivity to ethylene 
oxide of 40 to 75%6 • Selectivity denotes that portion of the reacted 
ethylene which is oxidized to a specific product. Most investigators 
have found the system to be a triangular network of first order reactions: 
n 
m 
There is general agreement that the oxidation of ethylene(Et) to 
ethylene oxide(EtO) and co2 occur at about the same rate. Twigg4 re-
4 
ported that the EtO to co2 reaction was important; however, his work was 
critized6 because it was performed in a static reactor. Vogue6 found 
that n = 0.08 and m = 0.40 for a flow system at 250-275°C. 
B. Oxygen Adsorption 
The activity and selectivity of ethylene oxidation are affected by 
the amount and state of oxygen adsorbed on the silver portion of the 
catalyst. Although Twigg4 showed that the silver surface was only par-
tially covered with oxygen (the partial coverage being between 0.1 and 
0.4), there is no certainty on how much of this adsorbed oxygen partici-
pates in the reaction. Czandera9 studied the adsorption of oxygen on 
silver powder from -77°C to 351°C using a vacuum microbalance. Three 
activation energies for different types of adsorption were observed. 
These were attributed to the adsorption of molecular oxygen followed by 
dissociation into atomic oxygen ions, o-; molecular oxygen ions, Oz; and 
the surface mobility of adsorbed atomic oxygen ions, 0-d , to form addi-
a s 
tional adsorption sites. These processes had activation energies of 3, 
8, and 22-24 kcal per mole respectively. Czandera pointed out that the 
ions may carry only a partial electronic charge. Vol and Shishakov10 
showed conclusively that a peroxide (Ago 2 ) existed on the surface of a 
silver film. They used electron diffraction to prove the molecular ad-
sorption of oxygen and felt that the peroxidic oxygen was involved in the 
formation of ethylene oxide. Marcinkowsky and Berty11 and Verma and 
Kaliaguine12 have recently found chemical evidence also, that there are 
5 
two types of oxygen adsorbed on the silver surface. In the latter study, 
the authors propose that some of the oxygen which is weakly attached to 
the catalyst is physically adsorbed on top of a strongly chemisorbed oxy-
gen film. 
The presence of impurities also affects oxygen adsorption on silver. 
Meisenheimer and Wilson13 found that covering 25% of the surface with 
chlorine (from c2H4 cl2 ) lowered the oxygen adsorption rate by an order of 
magnitude over the rate observed on clean silver. 
C. Kinetics and Mechanism 
The amount of information concerning the kinetics of the ethylene 
oxidation over silver is abundant. Almost every type of reactor imagin-
able has been used in these investigations. The kinetics, are in part, 
determined by the reactor design, and thus, no two investigators agree 
on the kinetics of the reaction. There is some agreement on the general 
form of a mechanism, but the actual mechanism has yet to be proven. This 
proposed mechanism involves the ethylene oxide formed by interaction of 
an ethylene molecule with an oxygen molecular ion, 02, on the surface, 
and co2 formed from reaction with an oxygen atomic ion, 0-. Although 
Twigg4 and Hayes14 reach the converse mechanism, recent works by Nault, 
15 11 12,16,17 
et al , and others ' have supported this mechanism. There is 
also some question as to whether the ethylene is adsorbed on the surface 
prior to reaction with an oxygen species, or whether the ethylene inter-
15 
acts with the oxygen directly from the gas phase. Nault, et al , reached 
the conclusion that ethylene was adsorbed before reacting even though eth-
ylene is not adsorbed on an oxygen-free silver surface. Mikami, Satch, 
6 
and Kobayaski17 have shown conclusively that ethylene will not be adsorbed 
on an oxygen-free silver surface.. Their results have supported the work 
of Smith, Palmer, and Vroom18 , Marcenkowski and Berty11 and Verma and 
12 Kaliaguine • 
Unlike other metals used in other oxidation reactions, different 
crystal faces of silver have essentially the same catalytic activity. 
Kummer19 showed that various crystal faces gave reaction rates within a 
factor of 2.4. Wilson and co-workers20 showed that silver films recry-
stallized under the influence of reaction. Czandera21 indicates that a 
silver surface in the presence of oxygen undergoes a slow rearrangrnent to 
produce a more stable structure. In another investigation16 , Czandera 
found that there was a "churning action" in which material on the surface 
of a silver catalyst was transported to the interior of the catalyst. 
Thus, any initial catalyst surface would soon change into an amorphous 
surface which probably is completely different from the initial surface. 
Prestand, Price, and Trimm22 showed that silver particles in evaporated 
silver films agglomerated when heated in the presence of oxygen. This 
sintering action greatly reduced the activity of the catalyst as would be 
expected, since the surface area of the catalyst was only a small frac-
tion of the original surface area. 
D. Moderators 
Moderators are added to silver in an effort to change both the activ-
ity and selectivity of the catalyst. Pure silver has an activity (con-
version of ethylene to products) and selectivity of about 45% in this re-
action. 
For max~um selectivity, moderators are necessary only in small 
amounts; too great a concentration will completely poison the catalyst. 
Chlorine c.ou1pounds have beet-.. used as u:odera tor·s ·~ 3 fo r many year::;L . 
catalysts used in ethylene oxidations probably contain an appreciabl e 
amount of li.loderators (from a catalyst activity standpoint). 
The compounds which increase the selectivity of silver generally 
J 
are electronegative with respect to silver: Cl, Br, I, S, Te, P, Bi, etc. 
The chemical state of the moderators on the surface has not been deter-
mined, but presumably they are in the form of anions. These moderators 
improve the selectivity of the reaction from 45% on pure silver to 75 % 
on the modified catalyst. Ostrovskii24 , et al studied S, Sc, Te, and Cl 
and found that the selectivity of the catalyst increased with surface 
coverages of 10% or more of the moderators, although the activity of the 
catalyst decreased. The explanation offered for the large catalytic ef-
feet of a small amount of additives was that the moderator decreased the 
strength of the silver-oxygen bond. 
zc Carberry and his co-workers J, in an investigation originally con-
ceived to study the effects of calcium on preventing the sinteringof the 
silver catalyst, found that an increase of calcium on the surface caused 
marked increases in selectivity. The calcium appeared at the surface fol-
lowing exposure of the catalyst to 
60 
~-irradiation from Co source. The 
increase in selectivity is attributed to the presence of calcium super-
oxide which increases the ratio of 02 adsorbed to 0 adsorbed. Assuming 
the mechanism of c2n4 + o;-c2n4o to be correct, the increase in selec-
tivity is directly related to the increase of 02_/0- on the surfac e. 
Later studies by the same investigators26 ,Z 7 , 28 found that the cal-
cium appeared at the catalyst surface as the silver particles agglomerated 
into spheroids. Also, when the catalyst was irradiated in an oxygen-free 
atmosphere, the selectivity to ethylene oxide was no greater than in 
8 
the unirradiated catalyst. The catalysts were analyzed after various de-
grees of etching. It was found that calcium, in the form of the oxide 
or hydroxide, was present in the silver particles as a distinct occluded 
phase. The occlusions appeared to exist about ten atomic layers below 
the catalyst surface. A rate law governing the ~-ray induced migration 
of the Ca from inclusion inside the bulk catalyst to the surface was de-
termined to be a first order process. The investigators claim that the 
creation of the transported Ca species is the rate controlling step 
rather than the actual transport step. 
The effect of barium to prevent or reduce sintering in silver cata-
lysts was first noted by Murray29 in 1950. Since that time, many cata-
lysts have used barium as a promoter and sometimes in conjunction with 
other moderators to improve selectivity. Recently, Spath and co-workers 
30
,
31 investigated the mechanism of the modifying action of Ba02 and 
Baco3 in silver catalysts. They found two effects of this moderation: 
1. Barium additives inhibit agglomeration and sintering in the 
silver matrix. This is called the "primary effect". 
2. Bao2 is transformed into Baco3 under reaction conditions, sta-
bilizing the silver matrix by coating it with a very thin layer 
of Baco3 , which has a greatly enlarged surface area (secondary 
effect). 
The secondary effect lowers the work function of the catalyst, giv-
13,32 ing the greater activity. Other investigators have noted that de-
creasing the catalyst work function increases this catalyst activity. 
Any effort to characterize silver ethylene oxidation catalysts must 
measure additions of any of these species, whether present as intentional 
moderators to improve selectivity, or unsuspected contaminants which 
9 
affect activity. 
E. Analytical Techniques 
There are many analytical techniques available for use in catalyst 
research. These range from classical wet chemistry analyses to such re-
cently developed physical techniques as low energy electron diffraction 
(LEED), X-ray spectroscopy for chemical analysis (ESCA) and Auger elec-
tron emission spectroscopy (AES). 
33 An early review of the use of LEED in catalysis was given by May 
in 1965. This technique is applicable only to catalysts which are single 
crystals. In fundamental studies using such a catalyst, this is an ex-
tremely valuable tool. 
Of greater importance in the analysis of industrial type catalysts 
are ESCA and AES. These techniques give a true chemical surface analy-
sis of a catalyst. Thus, the part of the catalyst actually exposed to 
the reactants and products can be determined. The presence of poisons 
or promoters at the surface can be noted. When used in conjunction with 
ion bombardment etching, a composition-depth profile of a surface can be 
constructed. These techniques are discussed in general terms in refer-
ence articles34 , 35 . 
In the studies by Carberry and his co-workers 25- 28 , ESCA was used to 
discover and then investigate the increase of calcium at the surface of a 
promoted silver catalyst. 36 Schmidt and Luss used ion etching and AES to 
investigate the physical and chemical characteristics of platinum-rhodium 
gauze catalysts. 
Scanning electron microscopy (SEM) and electron probe microanalysis 
are also useful in catalyst characterization. These tools allow investi-
gators to have a visual image of the actual catalyst surface. Segregation 
of catalyst components can be determined as well as the macro-surface 
structure. The use of SEM is more widespread than AES or ESCA but can 
be a valuable part of any catalyst investigation, as shown by Schmidt 
36 
and Luss • Other catalyst investigation tools such as X-ray, thermal 
10 
analysis, and bulk chemical analysis are well known and widely used and 
will not be discussed here. 
1 1 
IV. EXPERIHENTAL EQUIPMENT AND PROCEDURES 
A. Materials 
1. Chemicals 
a. Silv~ Nitrate. The AgNo 3 used in the preparation of the 
precipitated catalysts was ACS grade purchased from J. T. Baker 
Chemical Co., lot #35358. 
b. Silver l.!2_ Oxide. Ag 20 was l·'lallinkrodt 112181, lot #NPC 
and listed as Purified grade. 
c. Silver Jlll Oxide. AgO was purchased from Ventron Cor-
poration #87304, lot #120472 and was 94% AgO and 5.5% (max.) Ag 20. 
d. Barium Peroxide. The Bao 2 was ACS grade from lot #413 4 6 
purchased from J. T. Baker. 
e. Barium Carbonate. BaC03 was J. T. Baker ACS grade from 
lot #122247. 
f. Sodium Carbonate (Na2co3 ·H2o). The monohydrate salt tl as 
purchased from Fisher Scientific Company and was USP grade (Stock 
IIS-266). 
2. Gases 
a. _!thylene. The ethylene used in this study was Hatheson 





b. ~~· Oxygen was obtained from the UMR storeroom. It 
12 
contained only traces of nitrogen and water as impurities. 
3. Catalyst Support 
The catalyst support consisted of sheets of silver foil, 70 X 
35 X 0.125 mm. The silver sheet was obtained from Bussman Fuse 
Company and was 99.9% silver. 
B. Equipment and Methods 
1. Vacuum System 
The vacuum system was composed of a liquid nitrogen trapped 2" 
oil diffusion pump and an 11 liter per second ion pump. The diffu-
sion pump had a speed of 285 liters per second at the top of the 
nitrogen baffle. The diffusion pump was protected by interlocks on 
the pressure and temperature of cooling fluid. System pressure was 
monitored using thermocouple and ion gauges. A schematic diagram 
of the mechanical components is shown in Figure 1. 
-8 
This system was designed for ultra-high vacuum (UHV<lO torr) 
-8 
applications and was able to reach a system pressure of 1 X 10 
torr unbaked. After bakeout the system pressure was reduced to 1 X 
-9 10 torr. The diffusion pump fluid was either DC704 (Dow Corning) 
or Santovac 5 (Monsanto). 
2. Reactor System 
The reactor system was composed of three parts: the gas inlet 
system; the reactor and the outlet and reactor bypass system. The 
entire system is shown in Figure 2. 
a. Gas Inlet System. The ethylene and oxygen were metered 
and mixed in the inlet system. The gases came from cylinders regu-
lated at 35 psig and flow rates were controlled by needle valves. 
The individual flow rates were measured by differential pressure 
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cells with pressure taps on either side of a micro-needle valve 
which acted as a variable orifice. The differential pressure cells 
were Honeywell type 29212 with a pneumatic output proportional to 
the differential pressure input (6P/P type). This output pressure 
(maximum of 15 psig) was detected on an open-end manometer. Be-
cause of cell malfunctions, the manometers were calibrated versus 
flow rate several times using a soap film flow meter. 
The inlet gases were mixed and then went either to thereactor 
inlet preheater or to the gas chromatograph sample loop viathe re-
actor bypass. 
b. Reactor System. The reactor was initially designed for 
treating the catalyst in ultra-high vacuum (Ulfl) but due to unfor-
seen difficulties this approach was discarded. The reactor was at-
tached to a UHV tee fitting which was connected to the UHV system 
inlet valve. All flanges and fittings were stainless steel and 
were designed for UHV work except for the thermocouple feedthrough, 
which was homemade. A schematic diagram of the reactor is shown in 
Figure 3. 
The reactor was a 24 inch piece of 1.5 inch O.D. stainless 
steel tubing. The preheater was a piece of 0.75 inch O.D. stainless 
steel tubing 22 inches long and welded into the side of the reactor 
tube 1.5 inches from one end. The reactor was heated by two Chrom-
alloy-A resistance wire heaters wrapped around the exterior of the 
tube. Two layers of asbestos paper insulated the heating wire from 
the metal tube. The reactor heater was located 3 inches from the 
top flange and extended 7 inches downward. The effluent gas heater 











Figure 3. Reactor Schematic 
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The purpose of the reactor heater was to provide enough heat to 
raise the preheated inlet gases up to the desired reaction tempera-
ture. The effluent heater prevented water and ethylene oxide from 
condensing out on the cooler walls of the lower reactor tube. 
The preheater was also heated by Chromalloy-A resistance wire 
wound over an asbestos paper insulator covering the tube, The pre-
heater tube was filled with 6 mm pyrex beads to aid in heating the 
inlet gas uniformly. 
Thermocouples were attached to the reactor and preheater walls 
in between windings of the heaters. One was placed in the center 
of the reactor heater, one at the center of the effluent heater, a 
third at the weld joint between the preheater and the reactor and 
another at the center of the preheater. 
The temperature of the heaters was regulated using variacs. A 
proportional controller was originally attached to the reactor 
heater but the damping could not be set properly to eliminate temp-
erature fluctuations. A Honeywell multipoint temperature recorder 
(Type J thermocouple) was used to monitor the various temperatures. 
The catalyst was suspended from a thermocouple feedthrough us-
ing two of the iron-constantan thermocouples. The thermocouples 
were four to five inches long, so that the catalyst was positioned 
in the center of the reactor heater. A more complete description of 
the catalyst will be given later. Three of the four thermocouple 
pairs were iron-constantan for use with the Honeywell recorder and 
the other was chromel-alumel for use with the proportional con-
troller. 
3. Gas Chromatographic Analysis System 
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a~ Gas Chromatq&Eaph. The gas chromatograph used in this 
study was a Carle Model 1100 microthermistor thermal conductivity 
detector housed in a Carle Model 4300 Valve Oven. Normally the 
temperature in the oven is controlled by an "ON-OFF" bimetallic 
thermostat. Howeve~, this was not used and the oven was, instead, 
wired into a RFL Industries Model 70 proportional temperature con-
troller. The thermistor detector was controlled by a Carle Model 
100 Microdector controller. An eight foot coil of 1/16" O.D. 
stainless steel tubing was used as a carrier gas preheater. The 
detector was operated in the single column configuration so that 
the carrier gas which went to the column first passed through. the 
reference side of the detector. The carrier gas flow rate was 
regulated by a Brooks ELF flow controller. 
b. Columns. The effluent gases from the reactor contained 
five components: ethylene, ethylene oxide, carbon dioxide, oxygen, 
and water. It was impossible to separate these components in a 
short time on a single column without temperature programming. 
Since the column oven was an isothermal type, this type of an anal-
ysis was not possible. An analysis time of 5 to 10 minutes was de-
sired so that short-term changes in catalyst activity could be 
noted quickly. Therefore, a two-column analysis system was de-
vised to speed up the analysis in an isothermal oven. This system 
used two 1/8" O.D. stainless steel columns packed with Porapak Q 
(Waters Associates, Batch #855), 100-120 mesh; one column was six 
inches long and the other column was five feet long and had a five 
foot tail column packed with dinonyl phtalate (10% of 80/90 mesh 
Anakrom SD) attached to it. This tail column was used only to 
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increase the residence time of oxygen, carbon dioxide and ethylene 
in the longer column. The columns were attached to a column 
switching valve (Carle Model 2018) and a gas sampling valve (Carle 
Model 2014). The valves and columns, along with a flow restrictor 
valve, were placed in a second Carle Model 4300 Valve Oven. Trans-
fer lines between the column oven and detector oven were heated 
with a heating tape. 
c. Valve Controllers. Automatic sampling and column switch-
ing was controlled by a Carle Model 4150 Valve Minder. The valve 
minder was set up to go through two complete GC analysis cycles in 
a 15 minute control cycle. The set up was accomplished by trial 
and error changing of GC column lengths, column oven temperature 
and carrier gas flow rate. 
d. Integrator. In the early stages of this work, a recorder 
equipped with a DISC* integrator was used so that stream composi-
tions could be determined. When using the DISC* integrator, a 
Carle Model 4400 Programmed Attenuator was also used so that large 
peaks could be kept on scale or that small ones could be enlarged 
for better integrator accuracy. In the latter phase of the project, 
an electronic integrator was made available for use. It was a 
Vidar Model 6300 digital integrator made by Autolab. This integra-
tor did not require the use of the programmed attenuator. 
e. Sampling and Column Switching Procedure. The valves and 
columns assembly is shown in Figure 4-a, just prior to sampling. 
This is position 6, the last step of the previous analysis cycle. 
*Disc Instruments Company 
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Figure 4. Gas Chromatograph Valve Switching Sequence 
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At time t~ ;::;() seconds, the sampling valve rotated clockr.vise causing 
the carrier gas to push the sample out of loop A and into colurrl.!"l 1 , 
the 6" column. This is position 1, shown in Figure 4-b. In coll·mn 
1 the o2 , co2 and c 2H4 were separated as a partially resolved group 
from the H
2
o and C H 0. They, along with about 95% of the water 
2 4 
peak, passed into column 2, the 5' Porapak Q column with the 5' 
dinonyl phthalate tail column. 
At time t=30 seconds, the coluwl switching valve rotated 
clockwise (CH) and column 1 was connected directly to the detector 
through a restrictor valve. This was position 2 as shown in Figure 
4-c. The restrictor valve was used to make the pressure drop to 
the detector equal to that of column 2. In this way, the baseline 
remained fairly flat during column switching. The last of the 
water peak and the entire ethylene oxide peak then went to the de-
tector. During this segment of the analysis, the long column was 
closed off at both ends so no movement of the gas sample took place. 
However, there was some axial diffusion which ~aused the peaks to 
broaden slightly. 
At time t=l95 seconds, the column valve rotated back to tht'; 
counter-clockwise (CCW) position. This is position 3 as shown in 
Figure 4-d. The two columns were again connected in series and the 
carrier gas moved the separated o2 , co2 and c2n4 out of the column 
in that order. The water peak tended to flatten out and bleed out 
of column 2 at a constant rate. 
At time t=450 seconds, the sample valve rotated counter-clock-
wise and the carrier gas pushed a sample out of loop B. The analy-
sis for the loop B sample was the same as for the loop A sample 
22 
except that the sample valve is now in the CCW position. This is 
position L} which is the same as position 6 as sho-vm in Figure 4-a. 
Position 5 is the same as position 2 except for the CCW sample 
valve. A typical recorder chart output is shown in Figure 5. This 
is the output of both loops in two 7.5 minute GC analyses. 
f. Sample Loop Calibration. The sample loop volumes weLe 
determined by injecting known amounts of oxygen through a septum in 
the carrier gas line. Two peaks were detected: one going through 
the reference side; and one coming back through the columns to the 
sample side. The area under the second peak was determined and a 
calibration curve drawn as shown in Figure 6. Then sample of oxy-
gen were taken at essentially zero flow using the sampling valve. 
The areas under the resulting oxygen peak were then noted on the 
calibration curve, and the loop size was thus determined. 
g. Area Response Factor Determination. The area response 
factor (ARF) for each gas detected was determined using the DISC 
integrator and checked with the digital integrator. Each of the 
pure gases was passed through a single loop sampling valve at sever-
al different flow rates. The resulting peak areas were plotted as 
a function of the gas pressure in the sample loop (which was propor-
tional to its flow rate). This is shown in Figure 7. As the flow 
rate was increased the sample loop pressure increased. The line 
drawn through the plotted points was extrapolated to zero pressure 
(zero flow). Then the area of each gas curve at zero pressure was 
divided by the area of the oxygen peak at zero pressure. Thus 
the area of each peak was reduced to the area of an equivalent 
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divided by the sum to get actual gas stream compositons, exclusing 
water (which could be calculated from the amount of COz and CzH40 
present). The sample loop size was not necessary for calculations 
then since the response of each of the gases had been related to 
one of them. At the sample flow rates used in this investigation, 
the change in the ARF was less than two percent of the value at 
zero flow rate which is about that of the analysis system. There-
fore, no correction was made for higher sample flow rates. 
h. Gas Chromatograph Operating Conditions. The operating 
conditions of the gas chromatograph were determined by the column 
switching cycle and the temperature flow rate necessary to fit into 
that narrow cycle. The helium carrier gas flow rate was set ashigh 
as possible, and then the oven temperature was varied to achieve 
the desired separation. The maxium flow rate was set by the pres-
sure drop across column 2. Table I shows the conditions used in 
this analysis. 
4. Catalyst Preparation 
The catalysts were prepared in 10 to 20 gram batches although 
only about 5 grams were used in the reactor. The catalysts wereof 
two types: a physical mixture of various components or a coprecipi-
tated mixture. The same preparation procedure was used for each 
type catalyst to eliminate preparation effects. 
a. Physical Mixtures. All catalysts containing silver (II) 
oxide were prepared by phsyically mixing the componentsand lightly 
grinding them in a mortar and pestle. A solvent was then added to 
assist in grinding the mixture and to act as a vehicleby which the 
catalyst could be applied to the support. In the initial workusing 
TABLE I 
GAS CHROMATOGRAPH OPERATING CONDITIONS 
Carrier gas: Helium 
Carrier gas pressure: 50-60 psig 
Carrier gas flow rate: 28 cc/min 
Detector Oven temperature: 80-90°C 
Column Oven temperature: 55-70°C 
Detector current: 23 ma 
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silver carbonate catalysts, the solvent used was ethylene glycol. 
However, the AgO reacted with ethylene glycol at room temperature. 
The heat generated in the initial stages of this reactionwas large 
enough to cause the spontaneous decomposition of silver oxide. Sev-
eral other solvents were tried as a replacement for ethyleneglycol 
and octanol was chosen as the best substitute. About 7.5 ml of 
octanol was added to 10 g of the ground catalyst and mixed thor-
oughly using the motar and pestle. This material was stored in an 
amber bottle to reduce photodecomposition of the silver oxide. 
b. Precipitated Catalysts. Catalysts containing silver: car-
bonate and barium carbonate were prepared by precipitation from the 
nitrates with sodium carbonate. The proper amount of the nitrates 
was dissolved in 2 liters of distilled water. A sodium carbonate 
solution (100 g/1 H20) was added dropwise from a buret while the 
nitrate solution was stirred vigorously. This solution was added 
until a volume containing 110% of the sodium carbonate calculated to 
be necessary to precipitate the silver from solution had been de-
livered. Complete precipitation of the nitrates was checked by 
dropping some of the solution into HCl. Absence of a AgCl precipi-· 
tate indicated that the catalyst precipitation was complete. The 
clear solution was decanted away from the catalyst, andthe precipi-
tate was washed three times by decantation using two liters of dis-
tilled water for each wash. The precipitates were separated from rhe 
final wash water by filtration. The moist filter cake was dried at 
6SoC in a vacuum oven at 5-10 torr. A catalyst slurry was then made 
by adding 10 g of catalyst to 7.5 ml of octanol and grinding in a 
motar and pestle. The catalyst was stored in amber bottles until 
29 
further use. 
c. Catalyst:_ Support. A ten point catalyst support 11 Star" 
was made from five 0. 010 inch silver foil plates. A drawing of this 
catalyst support is shown in Figure 8. Two of the plates were bent 
at an angle of 43° and two more were bent on an angle of 80°. The 
five plates were held together using 0-80 molybdenum screws andnuts. 
The support was suspended inside the reactor by two iron-constantan 
thermocouples from the thermocouple feedthrough. One thermocouple 
was attached to the upper support screw. A second thermocouple 
was attached with a 0-80 screw i.n the middle of one "point" near 
the top of the support. Then a third iron-constantan thermocouple 
was hund in between two of the "points" at about the midpoint of 
the support. A catalyst sample plate holder was hung from the lower 
support screw with a piece of 10 mil silver wire. Ten 0.375 inch 
wide by 0.5 inch long sample plates were hung on this holder using 
10 mil molybdenum wire hangers. An auxiliary sample plate holder, 
with hangers for 16 sample plates, was used with the main sample 
holder to condition all the plates at the same time. This auxil-
iary holder was attached to the main sample holder during catalyst 
conditioning but was removed and stored in a glass vessel when con-
ditioning had been completed. These sample holders are sho~1 also 
in Figure 8. The holders were made of type 316 stainless steel 
and molybdenum since silver cannot be spot welded. 
Before the catalyst was applied on the support, the support 
was etched in a 50% (by volume) nitric acid solution. This treat-
ment produced a roughened surface to aid in holding thecatalyst to 
the support. The catalyst-solvent mixture was applied to the support 
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Figure 8. Catalyst Support and Sample Holder 
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with a small paint brush. If necessary, additional octanol was 
added to the slurry so that a smooth, uniform coating could be ap-
plied. A vacuum oven was used to dry the catalyst on the support 
and sample plates. Temperature and pressure of the oven was 65°C 
and 5-10 torr, respectively. 
5. Catalyst Comparison Runs 
Six catalysts were selected for comparison. The catalysts 
were prepared just prior to use so that there would be no aging 
effects to account for. Table II gives a list of these catalysts 
and their com~ositions. Previous researchers 30 , 31 found that a 
7.5% by weight barium peroxide in silver (II) oxide catalyst was 
very active for the partial oxidation of ethylene. This was equiv-
alent to a catalyst containing 5.94 moles of barium to every 100 
moles of silver. Silver catalysts modified with barium compounds 
were made with ratios of 6 and 19 moles of Ba/100 moles Ag. 
Each of the six catalysts were tested under similar flow, 
temperatures and inlet gas compositions. The conditioning, reac-
tion and sample taking procedures were: 
1) Prepare catalyst. Remove 2 sample plates for analysis. 
2) Condition catalyst at 310°C for 12 hours with a gas 
flow of 200 cc/min and 95 o2/5 Et composition. 
3) Cool reactor. Remove 2 sample plates. 
4) 3 Adjust flow rate to 100 em per minute and a 
70 o2 /30 Et composition. 
5) Raise catalyst temperature to 200°C. After 30 minutes 
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had stabilized to allow a minimum of four gas ehrorn-
atograms (reproducible within ! 2%) to be recorded 
(Minimum time of 30 minutes). 
6) Adjust catalyst temperature successively to 240, 
280, 300, 260, 220 and 200°C, allowing catalytic ac-
tivity to stabilize at each temperature. 
7) Cool reactor. Remove 2 sample plates. 
8) Condition catalyst 12 hours (step 2). 
9) Cool reactor. Remove 2 sample plates. 
10) Adjust flow rate to 100 cm3 per minute and a 
90 o2/10 Et composition. 
11) Repeat steps 5 and 6 (temperature-activity tests). 
12) Cool reactor. Remove 2 sample plates. 
13) Condition catalyst 12 hours (step 2). 
14) Cool reactor. Remove 2 sample plates. 
15) Adjust flow rate to 100 cm3 per minute and a 
50 02/50 Et composition. 
16) Repeat steps 5 and 6 (temperature-activity tests). 
17) Cool reactor. Remove 2 sample plates. 
The catalyst support "star" and all remaining sample plates 
were stored in jars in case additional analyses were required. A 
minimum of seven sets (14 plates) of sample plates were gathered 
for each catalyst: 
a. Unconditioned catalyst: 1 set (2 plates). 
b. Conditioned catalyst: 3 sets - an initial conditioning 
and conditioning after each of the first two comparison 
runs. 
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c. Catalysts exposed to reaction conditions: 3 s~ts - one 
set for each inlet composition. 
One of the two samples in each set was reserved for Auger Elec-
tron Emission Spectroscopy. The other sample plate could be ana-
lyzed first in the scanning electron microscope and then on the X-
ray diffractometer. 
6. Surface Analysis EY Auger Electron Spectroscopy (AES) 
The catalyst surface was analyzed using a Physical Electronics 
Industries (PHI) Model 10-234G high speed Auger Electron Spectra-
meter. This is a cylindrical mirror analyzer with a coaxial elec-
tron beam gun. The electron impact area was about 0.3 mm in diam-
eter so that anomalus results would not be obtained due to localized 
concentration of one of the components. Sample plates were mounted 
on a 20 plate sample holder. Samples could be positioned in front 
of the analyzer with a multi-axis sample manipulator. The analyzer 
and sample holder were mounted in an ultra-high vacuum chamber. This 
chamber was evacuated using liquid nitrogen trapped oil diffusion 
pumps. 
All s~~les were analyzed under the conditions listed in Table 
III. The chamber and samples were not baked out before analysis. 
This was done to prevent unexpected changes in catalyst surface com-
position under conditions of high vacuum and temperature. System 
-9 pressure during the analyses was approximately 5 X 10 torr. Auger 
electron emission spectra were recorded on an X-Y recorder. A mini-
mum of three spots were analyzed for each sample plate. 
Three samples of each catalyst were analyzed: the dried, uncon-
ditioned catalyst; the conditioned catalyst and a catalyst sample 
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TABLE III 
AUGER SPECTROMETER OPERATING CONDITIONS 
Incident Beam Voltage: 1500 eV 
Beam Current 20-30 pa 
Sweep rate 50 eV/min. 
Modulation Voltage 4 V (peak to peak) 
Resolution ~ 0.5 percent 
36 
which had been exposed to reaction conditions. The sample plates 
were exposed to the laboratory atmosphere as little as possible when 
transferring and mounting the samples. This was done to minimize 
possible contamination. 
7. Thermal Analysis (DT-TGA) 
The catalysts and catalyst reagents were analyzed for thermal 
behavior and decomposition using a Mettler Thermoanalyzer. This in-
strument allows thermogravimetric (mass as a function of tempera-
ture) and differential thermal analysis (heat effects as a function 
of temperature) to be performed simultaneously. 
a. Pure Compounds. The compounds which were used in making 
the catalysts or which were thought to be present in the catalyst 
after exposure to reaction conditions were analyzed in bulk in macro-
size platinum crucibles. Gas environment was either air or nitro-
gen. Air was used to provide oxygen for any possible oxidation re-
actions. Pure nitrogen was used to determine which heat effects 
were not due to oxidation reactions. 
b. Conditioning Tests. The effect of various gases in con-
ditioning the catalysts was studied in the Thermoanalyzer. Several 
heating rates were run using nitrogen oxygen and hydrogen in the 
furnace. 
c. Catalyst Composition Tests. The composition of the cata-
lysts was checked by comparing the sample thermogram to thermograms 
of pure catalyst components. All of these tests were made in an air 
atmosphere and a heating rate of l0°C per minute. The catalyst sam-
ples were applied as a thin film on a 2.5 em O.D. X 0.5 mm deep 
platinum dish. This closely reproduces the actual catalyst except 
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that the support in the thermal analysis was platinum. The catalyst 
was dried in a vacuum oven under the same conditions as the actual 
catlysts. 
d. Catalyst Reaction Tests. The thermal changes in the cata-
lyst under reaction conditions was studi~d using a 95 o2 /5 Et mix-
ture. The first test was made using a heating rate of 2°C per min-
ute and the temperature was raised to 350°C. In the second test, a 
heating rate of l0°C per minute was used and at about 145°C the gas 
mixture exploded in the furnace, ending the test. 
e. Thermal Analysis Samples for X-ray Analysis. Several cat-
alyst samples were analyzed in the thermoanalyzer up to specific 
temperatures, just before or after an endotherm or exotherm. The 
sample was cooled quickly and then analyzed on the X-ray diffractom-
eter to determine the bulk catalyst composition as a function of 
temperature. 
8. X-ray Analysis 
Pure compounds and catalyst samples were analyzed on a Siemens 
Crystalloflex IV automatic X-ray diffractometer. The samples were 
placed on a goniometer table which was geared to turn at 1° of 29 
per minute. Copper Koc radiation was used along with a nickel fil-
ter. Instrument operating conditions are given in Table IV along 
with the results of all tests. 
a. Pure Compounds. Pure catalyst components or those which 
were thought to be present at some time in the catalyst were ana-
lyzed. Samples were ground to a fine powder and sprinkled on a 
vasoline-coated slide. Spectra were run from 15° of 29 to 135° of 
29. 
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b. Catalyst Samples. Three samples plates of each catalyst 
were analyzed: the dried, unconditioned catalyst; the conditio.ned 
catalyst and a catalyst sample which had been exposed to reaction 
conditions. The sample plates were attached to a Plexiglass sample 
holder using silver print paste. The plate was positioned in a re -
cessed area of the srunple holder so that the face of the samplewas 
about at the same level as the main face of the holder. This pro-
cedure was used to minimize peak shifts in the spectra due to 
sample misalignment. 
c. X-ray Analysis of DT-TGA Samples. Catalyst samples were 
analyzed in the Thermoanalyzer up to specific temperatures as men-
tioned previously. The TG sample holder was attached to the X-ray 
diffractometer sample holder in the same manner as the catalyst 
plates. However, the face of the catalyst sample was not in the 
same plane as the sample holder and the spectra were shifted about 
0.3° of 29 as a result. 
9. Scanning Electron Miscoscopy (SEM) 
Before samples were analyzed on the X-ray diffractometer, they 
were examined in Japan Electron Optics Laboratory (JEOL) JSH-2 
Scanning Electron Miscroscope. These samples had the sante history 
as those analyzed in the Auger Electron Emission Spectrometer. The 
samples were mounted on copper sample holders using silver print 
paste. On several samples a great amount of surface charging was 
encountered. These samples were metalized by vacuum evaporating a 
thin layer of gold on the surface to be analyzed. Non-chargingcata-
ysts were analyzed with no further sample preparation. 
Micrographs of each sample were taken at 3000X. Micrographsof 
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several of the samples were taken at other powers of magnification 
to examine specific surface configurations. A non-dispersive X-ray 
analysis was performed on several samples using the Ortec analyzer 
attachment on the SEM. These analyses did not provide any addi-
tional information to the AES analyses or bulk X-ray measurements. 
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V. EXPERIMENTAL RESULTS AND DISCUSSION 
The results of this investigation will be presented mainly in graph-
ical form along with some tables. This manner of presentation is necess-
itated by the large amount of data gathered in the experiments. Results 
of physical and chemical analyses of the catalysts after preparation, 
conditioning and exposure to reaction conditions are presented. 
A. Selection of Catalyst System 
The six catalyst systems were chosen to provide a range of oxidation 
states of the various components in the catalysts. The effect of the 
presence of barium on sintering of the catalyst has been reported pre-
viously by a number of workers. However, Spath and his co-workers30 
claim that Bao2 in the catalyst bulk is converted to a thin surface layer 
of Baco3 which has an increased surface area. This phenomena will also 
be discussed in light of data gathered in this investigation. The oxida-
tion states of the unused catalyst are shown in Table V. The silver car-
bonate-barium carbonate type catalysts also had been used previously in 
studies to determine a reaction mechanism for the partial oxidation of 
ethylene(lS). 
The catalyst evaluation program is summarized in Table VI. The runs 
omitted were either reconditioning runs or runs discontinued due to equip-
ment difficulties. 
B. Determination of Reaction Conditions 
A range of reaction conditions had been determined from the litera-
ture search but several tests were performed with one of the silver-barium 
catalysts (ACBC7) used in this investigation. Three tests were performed 
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TABLE V 
BASE CATALYST OXIDATION STATES 
Catalyst Oxidation State 
Ag Ba 
AC +1 
ACBC7 +1 +2 
ACBC15 +1 +2 
AO +2 
AOBO +2 +4 
AOBC +2 +2 
to set operating limits for the reaction runs: 
1. Conditioning Tests 
The catalyst was conditioned in a 95 o2/5 Et gas flow at 200 
3 
em per minute. This gas composition was similar to that used by 
other investigators and had a higher oxygen content than would be 
used in the catalyst comparison runs. 
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The length of conditioning was investigated by first condition-
ing a fresh catalyst for 9 hours at 310°C. This temperature is about 
l0°C higher than that which was expected to be used in the future 
tests. The reactor was cooled to room temperature and two samples 
were removed. A 70 o2/30 Et flow was started through the reactor 
at 100 cm3 per minute and the reactor heated until the catalyst 
reached 280°C. After 3 hours at this temperature, the reactor was 
cooled down, and two more samples were removed. The conditioning 
gas mixture was then adjusted to 95 Oz/5 Et and the temperature 
raised to 360°C. This time the conditioning was continued for 12 
hours. When the catalyst had been cooled down, two additional sam-
ples were removed. The surfaces of these samples, when examined in 
the scanning electron microscopes, were identical to those of the 
samples removed after the 9 hour conditioning time. Conversion of 
the ethylene in the conditioning gas was identical at the ends of 
both 9 and 12 hour conditioning periods. 
Although a 9 hour conditioning period would have been suffic-
ient, a 12 hour conditioning time was chosen as a matter of conven-
ience for the investigator. 
2. Flow Rate Tests 
The effect of inlet gas flow rate on the catalyst activity was 
TABLE VI 
CATALYST EVALUATION PROGR&~ 
Run Number 
(Inlet Gas Con~osition, o2/Et) 
Description 50/50 70/3!}_ 90/10 
Blank Reactor 2,32 
Flow Test 113 cm3 /min 3 
214 cm3/min 4 
~- 3; . 
.:>) em m~n 5 
Temperature Test 6 
Catalyst AO 10 8 9 
Catalyst AC 13 11 12 
Catalyst AOBO 16 14 1.5 
Catalyst AOBC 19 17 18 
Catalyst ACEC15 26 24,27 25 
Catalyst ACBC7 30 28 29 




studied to find an acceptable flow rate. An ACBC7 catalyst, which 
was expected to be very active, was used in this test. Three flow 
rates were used: 55, 113, and 214 cm3 per minute. Inlet gas com-
position was 55 o2 /45 Et. This composition was chosen since it had 
approximately the highest ethylene content of any to be used in cata-
lyst comparison runs. Coking of the catalyst, if any, would also 
occur with this ethylene-rich gas mixture. Reactor temperature was 
held at 200°C, the lowest temperature to be used in catalyst compar-
ison tests. The flow rate which had the highest conversion at this 
low temperature could reasonably be expected to also have the high-
est conversion at all other temperatures. Conversion of ethylene 
to ethylene oxide was: 4.60% at 113 cm3 per minute; 2.32% at 55 cm3 
per minute and 1.31% at 214 cm3 per minute. Coking of the catalyst, 
reactor, and catalyst support was observed at the 55 cm3 per minute 
gas inlet rate. Thus, a flow of 100 cm3 per minute was chosen be-
cause of high catalyst activity at that flow rate at 200°C and also 
because of the absence of catalyst coking. Figure 9 shows the re-
sults of this test. 
3. Temperature Test 
A series of samples were obtained for studying catalyst changes 
as a function of temperature under reaction conditions. These sam-
ples were analyzed by scanning electron microscopy for surface 
changes. 
Prior to the test, the catalyst was conditioned 12 hours in a 
95 Oz/5 Et mixture at 310°C. After conditioning, the temperature was 
lowered to room temperature and two samples were removed. The re-
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there for 1.5 hours. Gas flow was 100 cm3 /min with a 70 o 2 /30 Et 
composition. The catalyst was cooled again and samples were re-
moved. This heating, reacting, cooling and sample removing proced-
ure was repeated for temperatures of 245, 284, 221 and 266°C. 
Micrographs of some of the samples from this run are shown in 
Figure 10. All micrographs are 3000 X magnification. The sample 
marked T-0 in Figure lO(a) is the silver catalyst support surface 
after it was etched in nitric acid. The catalyst-coated support is 
shown in Figure lO(b). The size of the catalyst particles is on the 
same order as the fissures in the etched support apparently allowing 
some physical attachment to be made with the support. The catalyst, 
after conditioning (310°C, 95 o 2 /5 Et feed for 12 hours) and after 
being exposed to temperatures of 200, 245, and 284°C, is shown in 
Figure lO(c). The particles have changed in shape from rods to 
spheres, and particle size has been reduced by about one-third. The 
conditioned catalyst which had not been exposed to reaction condi-
tions had the same particle size and surface structure as that 
shown in Figure lO(c). Small needle-like structures are also visible 
in the sample. These are similar to the needles of Baco 3 reported 
by Spath30 in a Bao2-Ag0 catalyst. He feels that the BaC03 is a re-
action product of Bao 2 and the co2 produced in the reaction. The re-
conditioned catalyst surface is shown in Figure lO(d). The particle 
size has not changed, indicating that the barium promoter in the 
catalyst retards or stops sintering of the catalyst after an initial 
sintering which produces a stable surface. The small needles are 
not visible but may have been destroyed in the high oxygen environ-
ment of the conditioning gas. 
48 
(a) T-0 (b) T-1 
(c) T-5 (d) T-9 
Figure 10. Micrographs of Temperature Test 
C. £1.n.a :1J.sis_ E_f _Catal_E~~ 
1. _Resu~_E-~ of _  Elemental Analysis 
Unconditioned, unexposed catalysts were analyzed for silver, 
barium, carbon and hydrogen content after thermal analysis indica-
ted that their composition did not correspond t o the compound 
weights mixed together. Oxygen content was determined by subtract-
ing the sum of the other component percentages from one hundred 
percent. Pure compounds and "dry" catalysts were also analyzed, 
and the oxygen content determined in this manner agreed very well 
with the as mixed values. 
The carbon and hydrogen analyses were run in duplicate and 
were rerun if their values differed by more than 0.3% by weight. 
Accuracy of these analyses is :0.2% by weight. 
Silver and barium content was determined by X-rayfluorescence. 
The accuracy of this analytical method is :0.08% by weight. The 
samples were run in duplicate in a K2so2 matrix. Additional sam-
ples were run if the spread between duplicate samples of the same 
catalyst varied by more than 0.2% on a weight basis. 
Results of the elemental analyses are shown in Table VI fi. 
The catalyst compositions are presented in units of atompercent so 
that any elemental interactions which affect the performance of the 
catalyst can be easily determined. Table VII also presents the pre-
die ted elemental compositions based on the catalyst pre par a tiorLs. 
The analyses show that the silver (II) oxide catalysts are dt·astic-
ally different from the expected catalyst. These catalysts show a 
higher carbon content and a lower oxygen content than thepredicted 
composition as well as a significant hydrogen content. 
TABLE VII 
PREDICTED AND MEASURED CATALYST COMPOSITION 
Catalyst Atomic Percent Element 
0 (1) Ag Ba c H 
p(2) M(3) p M p M p M p M 
AO 50.0 11.1 0.0 0.0 27.6 0.0 53.5 50.0 7.9 
AOBC 43.6 10.2 2.6 0.6 2.5 27.0 0.0 52.0 51.3 10.1 
AOBO 46.0 11.1 2.7 0.7 0.0 27.0 0.0 52.2 51.5 9.0 
AC 33.4 32.8 0.0 16.7 16.2 0.0 3.2 50.0 48.1 
ACBC7 30.4 30.1 1.8 1.7 16.9 15.7 0.0 3.1 51.0 49.4 
ACBC15 27.9 25.8 3.3 4.7 17.2 14.1 0.0 7.0 51.8 48.6 
ACBC15* 25.9 25.8 4.7 4.7 17.3 14.1 0.0 7.0 52.5 48.6 
AC(DRY) 33.4 32.7 0.0 16.7 16.6 0.0 0.0 50.0 50.8 
ACBC(DRY) 30.4 30.6 1.8 1.9 16.9 15.1 0.0 0.0 51.0 52.5 
ACBC15*(DRY) 25.9 25.8 4.7 4.8 17.3 13.1 0.0 0.0 52.5 56.3 
(1) Determined by difference 
(2) Predicted value based on as mixed weights 




The sii.ver carbonate catalysts, AC and ACBC7, show compositions 
very close to the predicted composition. Ho'\vever, the ACBClS cata-
lyst showed that the silver and barium compositions varied greatly 
from the expected values. Similar results were observed for the 
11 dry" silver carbonate catalysts, with AC (DRY) and ACBC7 (DRY) having 
compositions very close to expected values, while ACBC15(DRY) con-
tained less silver and more barium than expected. The catalyst 
ACBC15* shows the recalculated predicted values for ACBC15 basedup-
on the measured silver and barium content of catalyst ACBC15(DRY). 
The predicted and measured atomic ratios of the catalyst ele-
ments relative to the silver content of the catalysts are shown in 
Table VIII. By presenting the data in this manner, the ratioof the 
minor elements in the catalysts to the major element can be examined. 
The Ba/Ag ratio is near the predicted value for all cases except 
ACBC7 and ACBC7(DRY). The catalysts ACBC15+ and ACBC15(DRY)+ have 
predicted values calculated from the ACBClS* catalyst inTable VIII. 
In light of this calculation, the predicted and measured Ba/Ag ratio 
for these catalysts must be the same, within experimental accuracy. 
A comparison of predicted and measured C/Ag, H/Ag and 0/Ag ra-
tios shows that small changes occured in the silver carbonate cata-
lysts. However, the addition of octanol did not affect the cata-
lysts very much. The small amount of hydrogen present in the "wet" 
catalysts indicate that the analyzed sample was either not complete-
ly dry of octanol or that some water was present in the sample. 
Since both the carbon and oxygen ratios are smaller than predicted, 
the octanol caused a small amount of the silver carbonate to decom-
pose to Ag 2o + co2 • The carbon, hydrogen and oxygen ratios with 
TABLE VIII 
COMPARISON OF PREDICTED AND MEASURED ATOMIC RATIOS OF CATALYSTS 
RELATIVE TO SILVER CONTENT (SILVER= 1.00) 
Catalyst Element 
Ba c H 0 
P* M* P* M* P* M* P* M* 
AO 0.0 (1) 0.0 2.493 0.0 4.84 1.000 0.716 
AOBC 0.059 0.059 0.058 2.635 0.0 5.07 1.179 0.988 
AOBO 0.059 0.058 0.0 2.424 0.0 4. 70 1.121 0.813 
AC 0.0 (1) 0.500 .494 0.0 0.096 1.501 1. 4.72 
ACBC7 0.059 0.058 0.557 0.521 0.0 0.104 1.677 1.641 
ACBC15 0.119 0.185 0.618 0.546 0.0 0.273 1.856 1.887 
ACBC15+ 0.186 0.185 0.686 0.546 0.0 0.0 2.06 1.887 
AC(DRY) 0.0 (1) 0.501 0.50 0.0 0.0 1.501 1.554 
ACBC7 (DRY) 0.059 0.062 0.557 0.494 0.0 0.0 1.677 1.715 
ACBC15 (DRY) 0.119 0.186 0.618 0.510 0.0 0.0 1.856 2.182 
ACBC15(DRY)+ 0.186 0.186 0.686 0.510 0.0 0.0 2.06 2.182 
ACCURACY :o.oz ±o.oso ±o.3o ±o.3 
* P = Predicted Value, M = Measured Value 
\Jl 
(1) No Analysis for Barium N 
53 
silver are greatly different with the silver (II) oxide catalysts. 
With these catalysts, little or no carbon and hydrogen should be 
present, yet the results show that about 2.5 carbon atoms and 5 hy-
drogen atoms are present for each silver atom. The oxygen content 
relative to silver has been reduced by about a third, also. These 
results indicate that the octanol, which was added as a vehicle to 
mull the catalyst, reacted with the silver (II) oxide causing the 
AgO to decompose or to form an organo-silver compound or complex. 
The effect of the addition of octanol to the catalysts is 
shown in Table IX. The silver carbonate catalysts, with the excep-
tion of ACBClS(DRY), show an approximate 1:3 ratio of carbon to oxy-
gen as would be expected in any carbonate. The trace amounts of 
hydrogen are not included in this table for these catalysts. No 
quantitative significance can be attached to the small numbers, how-
ever. The high value of the 0/C ratio for ACBC15(DRY) would indi-
cate that some of the silver carbonate had decomposed to a silver 
oxide compound. 
The silver oxide based catalysts show an oxygen content of 2 
oxygen atoms for every 5 or 6 carbon atoms and also about 2 hydro-
gen atoms for every carbon atom. The carbon to hydrogen ratio indi-
cates the presence of a linear hydrocarbon compound or complex in 
the dried catalyst. The carbon to oxygen ratio probably indicates 
the type of structure of the modified catalyst, but no structural 
analysis was performed. 
2. Thermal Analysis Results 
Thermochemical analysis was initially used in this study to 
verify catalyst compositions. This was possible because the barium 
TABLE IX 
COMPARISON OF PREDICTED AND MEASURED 











ACBC7 (DRY) 3.00 
ACBC15(DRY 3.00 
Accuracy 
P* = Predicted Value 
M** = Measured Value 






















0 .. 0 0.0 
0.0 0.0 
0 .. 0 0.0 
± 0.1 
55 
compounds used as catalyst m.oderator:s did not decompose at tempera-
tures below 500°C. The silver catalysts would decompose in an inert 
atmosphere to metallic silver by specific reactions. From the 
weight loss and temperature of reaction, the original composition of 
the catalyst could be determined. Pure silver compounds were used 
to standardize the reaction calculations, since there were impuri-
ties in the compounds employed in making the catalysts. The re-
sults of TGA analysis of pure catalyst components are shown inTabJe 
X. Reproductions of the actual thermograms for the standards and 
catalysts are shown in Appendix I. 
The results compare favorably with theoretical weight losses 
for the pure compounds with the exception of silver carbonate. This 
compound was prepared in the laboratory by precipitationfrom silver 
nitrate by addition of sodium carbonate. Its purity is, therefore, 
suspect, although the total weight loss is very close to the ex-
pected weight loss for a pure san~le. 
The DTA results for the pure compounds also are close to what 
should be expected from theory. All decomposition reactions should 
be endothermic. The theoretical values of heats of decompositionare 
shown in Table XI. Decomposition to silver (II) oxide and carbon 
monoxide is a second possible reaction for silver carbonate. How-
ever, the standard heat for this reaction is calculated to be about 
80 kcal/mole Ag2co3 • The initial decomposition of the carbonategave 
a heat effect of only about three times that of the second reaction 
which is assumed to be R2 from its rather high temperature. Since 
the heat ·for R3 is about three times that of R2, then the decomposi-
tion of silver carbonate to silver (II) oxide is not a possibility 
TABLE X 
RESULTS OF THERMOGRAVIMETRIC ANALYSES OF CATALYST COMPONENTS 
Reaction Peak Weight 
Compound Reaction Designation Tem2erature Loss 
oc Percent Initial 
Weight 
AgO 2 AgO__..AgzO + 1/2 Oz Rl 190 6.33 
Ag20 .., 2 Ag + 1/2 o2 R2 405 6.55 Total 12.88 
Ag2o Ag2o--+- Ag + 1/2 o2 R2 
410 6.98 
Ag2C03 Ag2co3~Ag2o + co2 R3 190 12.09 
















CALCULATED HEAT OF REACTION EFFECTS 
FOR CATALYST DECOMPOSITIONS 
Reaction AHORX TRX 
Designation Reaction Kcal/mo1e oc 
Rl 2Ag0 Ag 2o + 1/2 02 11.63 180 
R2 Ag20 ___...... 2 Ag + 1/2 oz 24.78 410 
R3 Ag2co3~Ag20 + C02 27.3 190 
X Ag2co3~2 AgO +CO 104.8 190 
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for react~on R3. 
When the catalysts were analyzed on the Thermoanalyzer in a 
nitrogen atmosphere, ~t was found thaL the thermograms were not sim-
ilar to those of the pure catalyst components. Results are given in 
Tables XII and XIII. The catalysts prepared with silver (II) oxide 
showed a single decomposition reaction at 210-240°C instead of two 
reactions at 190°C and 405°C (reactions Rl and R2, respectively). 
The samples lost about 30% of their initial weight in this single 
reaction as compared to a maximum of 21.5% that would be expected 
from pure AgO. The reaction also was strongly exothermic, suggest-
ing that an oxidation occurred rather than a reduction reaction. 
The thermogram& of the silver carbonate base catalysts were al-
so different from a pure silver carbonate decomposition. As can be 
seen in Table XIII, the maximum weight loss of an exothermic reac-
tion occurred at 140-155°C. This was followed by a decomposition 
at 185°C which was endothermic and corresponded to the first decom-
position reaction of pure silver carbonate. A third reaction of 
the catalyst occurred at the same temperature as the silver carbon-
ate standard. It was endothermic, as expected. These results in-
dicated that the catalysts did not have the same composition as the 
pure catalyst components. 
The only chemical which had been added to the pure components 
was the octanol used in grinding the catalyst and applying it to the 
support. It was noted at the time the catalysts were prepared, that 
the color of the catalyst changed from black to dark brown, in the 
case of AgO containing catalysts, and from a light yellow to light 









































































THERMOGRAVIMETRIC ANALYSIS RESULTS 
PURE COMPOUNDS AND CATALYSTS 
Analysis Weight Loss A Weight Loss B Weight Loss C 
Sample Number T, °C % Loss* T, °C % Loss* T, °C % Loss* 
AC 26 145 2.10 185 8.85 
ACBC7 25 140 1.67 185 10.76 
ACBC15 28 155 185 
AC(DRY) 30 190 12.09 
ACBC7 (DRY) 32 190 15.85 
ACBC15(DRY) 31 185 9.98 
AD 24 220 30.2 
AOBO 22 240 30.04 
AOBC 29 210 31.40 
AgO 33 190 6.33 





* % Loss Calculated for Silver Compound Only. 
Weight Loss D 



























originally thought to be a small amount of decomposition of the sil-
ver compounds as a result of localized heating during the grinding 
operation. However, the thermal analysis results indicate that the 
octanol had actually reacted with the silver compounds. Silver 
compounds are known to complex and react with organic compounds. 
In this study silver (II) oxide had been found to react with ethy-
lene glycol. Octanol had been chosen to replace ethylene glycol be-
cause of its apparent non-reaction with AgO. The alcohol did react 
slowly with AgO, however. 
Because of the impossibility of determining the amount of re-
acted material in an AgO based catalyst sample, the actual composi-
tion of those catalysts could not be determined by thermal analysis. 
The composition of the Ag2co3 based catalysts was verified on the 
Thermoanalyzer using the overall weight loss in a nitrogen atmos-
phere at 400°C. An attempt was made to study the catalyst condi-
tioning procedure in the Thermoanalyzer. Instead of a nitrogen 
atmosphere, the catalysts were exposed to a 95 o 2 /5 Et gas mixture. 
The first test, using an ACBC7 type catalyst (mulled with ethylene 
glycol) gave good thermogravimetric data but poor differential 
thermal analysis results. Programming rate was 2°C per minute. A 
second test was attempted using the ACBC7 catalyst (with octanol). 
Program rate was increased to l0°C to achieve better DTA results. 
An explosion occured at 145°C, ending the test. The upper and 
lower flammability limits of ethylene in oxygen are 3 and 80 percent 
by volume respectively38 • In studies of the partial oxidation of 
ethylene by Wan, explosions occured if the reactor temperature was 
raised rapidly over 280°C39 • Explosions can result from an 
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uncontrolled chain branching reaction or an accumulation of heat. 
An explosion similar to the one experienced on the Thermoanalyzer 
and at about the same temperature also occurred in the reactor. In 
both cases the explosion occurred during a rapid rise in reactor 
temperature. This suggests that there might have been a heat accum-
ulation in the system until the time the reaction started. At that 
time the excess amount of heat present in the reactor would not al-
low the reaction to be controlled and an explosive chain reaction 
resulted. Following the two explosions, reactor temperatures were 
raised at about 6°C per minute and no further problems were en-
countered. However, no further thermal analyses were made in an 
oxygen/ethylene atmosphere because of the potential disasterous 
consequences to the instrument. 
3. Auger Spectroscopy Results 
The Auger Spectrometer was used primarily to identify surface 
components qualitatively. Since sulfur and chlorine are known to 
promote the reaction under study on a silver catalyst, the presence 
of these compounds would add another variable in an attempt to ana-
lyze the reaction results. The results generally show that there 
is no appreciable amount of either sulfur or chlorine on the cata-
lyst surface. 
Surface compositions on a semi-quantitative basis were calcu-
lated by correcting the peak to peak heights for each element in a 
sample Auger spectrum. The Auger spectrum refers to a curve which 
is the first derivative of the secondary electron energy distribu-
tion. Figure 11 shows an Auger spectrum from a sample containing 
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Figure 11. Sample Auger Spectrum 0\ 
w 
of the sample since both were l!lade near the edge of the sa lr.ple 
plate. However, the spectra show the relative positions of the ele-
ment peaks. Table XIV gives the positions of the peaks inthe spec-
trum as well as the relative sensitivites of the elements (to sil-
ver) used in the semi-quantitative c omfoSition calculations. The 
semi-quantitative calculations were made with the knowledge that 
they could be in error by as much as a factor of three. Th~s large 
possiblity of error is due to the fact that no standard smnples 
were used to calibrate the instrument and only basic sensitivity 
calculations were made for each element. The results are shown in 
Table I in Appendix 2. A sample calculation is also shown in Ap-
pendix 2. However, Palmberg37 shows that escape depth for Auger 
electrons is equal to about 2 atomic layers for electrons of carbon, 
silver, oxygen and barium. About 1 atomic layer is the escape 
depth for sulfur and chlorine. In this case, the sensitivity of 
all elements were related to that of silver. 
The qualitative results show that sulfur was present on the sur-
face of samples A0-2B and A0-7B. No other sample which had been ex-
posed to reaction conditions showed the presence of sulfur. Samples 
ACBC7-1A and -2B also showed the presence of sulfur butsample ACBC7 
-7, one which was exposed to reaction conditions, showed no sulfur 
to be on the surface. These samples may have been contaminated 
when transferring them from the reactor to the Auger analyzer. 
Chlorine was detected on all of the samples which contained 
sulfur plus samples AOBC-lA and AC-lB. These are the unconditioned 
catalysts and may have picked up chlorine during the preparation 
steps. However, neither catalyst showed chlorine on the surface of 
6.5 
TABLE XIV 
AUGER PEAK POSITIONS AND SENSITIVITIES 
Relative 
Element Peak Energy Sensitivitl 
eV (to silver) 
Sulfur 152 0.722 
Chlorine 181 0.265 
Carbon 272 0.109 
Silver 351 1.000 
Oxygen 510 0.511 
Barium 584 0.110 
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the conditioned or reacted samples. 
Carbon was detected on the edges of sample AC-2A and on all 
samples of the AO catalyst. This carbon apparently comes from a 
silver-octanol compound formed during the support coating step of 
catalyst preparation. The AC type catalysts do not show this large 
amount of carbon on the surface. The silver-octanol compound may 
not be the same for these catalysts as for the AO catalyst. This 
is also shown to be possible by the distinctly different DTA ana-
lyses of the two types of catalysts. 
Samples AC-2A, AC-7B, A0-7B and AOB0-3B indicate the presence 
of molybdenum on the surface. This molybdenum probably sublimed 
from the hooks on the catalyst sample holder. The possible effects 
of the presence of this metal on the activity of the catalyst is 
unknown. 
Catalyst surfaces showed significant changes from their initial 
composition following exposure to conditioning and reaction. The 
surface composition ratios of oxygen and barium to silver are listed 
in Table XV. There are two entries for AOB0-2 and AOB0-3 because 
no barium was detected on some areas of the catalyst surfaces. The 
cause of this observation is unknown, but may be due to the catalyst 
flecking off the support under the influence of the electron beam. 
For this catalyst, ratios were computed for scans showing both the 
presence and absence of barium on the surface. 
No consistent trend in 0/Ag ratio as a result of catalyst con-
ditioning and reaction is evident. The data show that surface oxy-
gen content increases with exposure to reaction and conditioning in 
the AO and AC catalysts. Oxygen content of the surface decreases 
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TABLE XV 
SURFACE ELEHENT RATIOS 
Catalyst Element 
Ag 0 Ba 
A0-1 1.00 0.00 0.00 
A0-2 1.00 0.126 0.00 
A0-7 1.00 0.380 0.00 
AOBC-1 1.00 0.251 0.175 
AOBC-2 1.00 0.341 0.594 
AOBC-6 1.00 0.292 0.518 
AOB0-1 1.00 0.239 0.455 
1.00 0.094 0.000 
AOB0-2 
1.00 0.109 0.306 
1.00 0.250 0.000 
AOB0-3 
1.00 0.162 0.308 
AC-1 1.00 0.183 0.000 
AC-2 1.00 0.478 0.000 
AC-7 1.00 0.595 0.000 
ACBC7-1 1.00 0.700 1.33 
ACBC7-2 1.00 0.637 1.31 
ACBC7-3 1.00 0.342 0.590 
ACBC15-1 1.00 1.77 3.81 
ACBC15-2 1.00 1.08 2.30 
ACBC15-3 1.00 1.23 2.06 
fo~- ACBCl ti.iJ.d ACBC15 C&:ttalysts. Kesults for the AOBC and AOBO 
catalysts show no consistent trend. 
The ratio of barium to silver decreases with conditioning and 
reaction for catalysts AOBO, ACBC7, and ACBC15, whereas the ratio 
increa.ses for AOBC. These results would indicate that no barium 
compound covers the silver surface, creating a more active cata-
lyst except for AOBC. No carbon is detected on the AOBC surface, 
thus ruling out the presence of a barium carbonate film covering 
the silver surface. 
4. Scanning Electron Microscopy Results 
The scanning electron microscope showed that the catalysts 
changed physically during conditioning and in some cases during the 
course of reaction. The results also point out the value of barium 
as an additive to prevent sintering and agglomeration of the.cata-
lyst particles. 
a. Catalyst AO. As shown in Figure 12 (a) the physical 
form of this catalyst is unlike any of the other unconditioned cata-
lysts. Rather than having the form of small rectangular particles, 
the catalyst appears to be made of flake-like particles: irregular 
in shape and relatively thin. After conditioning, the catalyst ap-
pears to have a coral-like structure as shown in Figure 12 (b). A 
lower magnification micrograph (Figure 12 (c)) taken at 300 X shows 
that the sintering has caused the catalyst to be pulled away from 
the support. Thus, a large part of the support was exposed to 
the reaction. The agglomeration of the catalyst continued during 
the reaction as seen in Figure 12 (d). A lower magnification in-
spection indicated that the catalyst was not shrinking any more but 
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(a) A0-1 (b) A0-2 
(c) AQ-2 (300X) (d) A0-3 
Figure 12. Micrographs of AO Catalyst Runs 
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that the smaller particles were agglomerating. 
b. Catalyst AOBC. This catalyst, a physical mixture of sil-
ver (II) oxide and barium carbonate does not resemble at all the 
pure silver (II) oxide catalyst AO. In Figure 13 (a) the particles 
in the unconditioned catalyst are fairly uniform in size andappear 
similar to the pure catalyst components. The conditioned catalyst 
shown in Figure 13 (b), has sintered, with two different types of 
particles being present. The large smooth particles are agglomer-
ated silver, while the smaller clustered particles probably are 
Baco3 . The catalyst shown in Figure 13 (c) has been exposed to one 
set of reaction conditions. The sintering did not progressmuch fur-
ther than that before reaction. After another exposure to condition-
ing and reaction, the catalyst appears to be essentiallythe same as 
after the first conditioning period. This is apparent in Figure 13 
(d). The entire catalyst support was covered in this case, however. 
c. Catalyst AOBO. The appearance of the unconditioned cata-
lyst is very similar to the unconditioned AOBC catalyst. As shown 
in Figure 14 (a), the particles are fairly uniform in size. Thecon-
ditioned catalyst, shown in Figure 14 (b), has experienced some sin-
tering and agglomeration. Segregation of the Bao2 from the silver 
is not as noticable as was the separation of Baco 3 from the silver 
in the AOBC catalyst. The particles of silver were approximately 
the same for both catalysts, though. Some additional sintering is 
noted after the catalyst is exposed to reaction conditions. This 
change is shown in Figure 14 (c). 
d. Catalyst AC. This catalyst had the smallest initial par-
ticle size of the six catalysts investigated. As seen in FigurelS 
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(a) AOBCl (b) AOBC2 
(c) AOBC3 (d) AOBC6 
Figure 13. Micrographs of AOBC Catalyst Runs 
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(a) AOBOl (b) AOB02 
(c) AOB03 
Figure 14. Micrographs of AOBO Catalyst Runs 
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(a) ACl (b) AC2 
(c) AC3 (d) AC6 
Figure 15. Micrographs of AC Catalyst Runs 
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(a), the particles are uniform in size and regular in shape. But as 
the catalyst was exposed to conditioning and reaction successively, 
more severe sintering was noted. This catalyst sintered more than 
any of the other catalysts. The progression of catalyst degrada-
tion is shown in Figures 15 (b)-(d). Although the surface area was 
not measured, it is apparent that a change in surface area of sev-
eral orders of magnitude has occurred. 
e. Catalyst ACBC7. This catalyst, prepared in the same man-
ner as catalyst AC, and shown in Figure 16 (a), has a larger par-
ticle size when prepared. The particle shapes also are not as uni--
form as before, indicating that the particles may not be homogenous 
in silver and barium composition. Sintering"of the catalyst does 
occur during conditioning as seen in Figure 16 (b). The rate of 
sintering is very slow after the first conditioning period. Compar-
ing Figures 16 (b)-(d), the catalyst has not changed in the surface 
area by more than a factor or two. The addition of barium success-
fully reduced sintering after a stable surface was formed. 
f. Catalyst ACBC15. This catalyst, containing the largest 
amount of barium, showed the most stable surface of all the cata-
lysts. The initial particle size was the largest> with the excep-
tion of the unusual AO catalyst. Rather large crystallites of 
Baco3 are also present as shown in Figure 17 (a). The amount of 
barium in the catalyst preparation solution apparently affects the 
particle size of the precipitate. Conditioning the catalyst causes 
only a very slight increase in the size of the silver particles. 
Figure 17 (b) also shows that the massive Baco3 crystallites in the 
initial catalyst have been broken down into smaller rod-like 
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(a) ACBC7-1 (b) ACBC7-2 
(c) ACBC7-3 (d) ACBC7-7 
Figure 16. Micrographs of ACBC7 Catalyst Runs 
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(a) ACBC15-1 {b) ACBC15-2 
(c) ACBC15-3 (d) ACBC15-6 
Figure 17. Micrographs of ACBC15 Catalyst Runs 
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particles after conditioning. Further breakdown of the Baco3 cry-
stallites is evidenced in Figure 17 (c) and (d) with the catalyst 
having been exposed to reaction conditions and to two additional 
reconditioning periods. In Figure 17 (d) the Baco3 crystals are 
long and slender, creating a network of silver particles interlaced 
with needle-like Baco 3 crystals. However, no apparent degradation 
of the silver surface is evident after the catalyst has been con-
ditioned. 
5. X-ray Analysis Results 
The catalysts were analyzed by X-ray diffraction to determine 
qualitatively the form of the catalyst components at various stages 
of use. The X-ray diffractometer was also used to analyze catalyst 
samples which were previously heated on the Mettler Thermoanalyzer 
up to specific temperatures. In this way, specific thermally in-
duced decompositions of the catalysts could be characterized. 
The most important fact revealed by the X-ray analyses was 
that, after conditioning, all of the catalysts had decomposed into 
metallic silver plus the barium additive, if any was present. This 
means that bulk silver content of each catalyst was silver in the 
zero oxidation state. Thus, the bulk composition of all catalysts 
were similar, exclusing the additives. The results of the X-ray 
analyses are shown in Appendix 3. 
The X-ray spectra indicate that the unconditioned silver (II) 
oxide catalysts have been changed into compounds different from AgO, 
Ag 2o, Ag 2co3 or pure silver. The diffraction pattern could not be 
matched to any in the ASTM files. During conditioning, the silver 
oxide catalysts were converted to pure silver. The silver 
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diffraction pattern became sharper and truer as the sample was ex-
posed to additional conditioning and reaction periods. 
The silver carbonate catalysts showed very sharp patterns of 
metallic silver after the initial conditioning period. Although 
the reaction temperature is not high enough to cause the total de-
composition of the catalysts, the influence of the reaction must 
lower the decomposition temperature to less than 320°C. 
The X-ray results are presented graphically in Figure 18. The 
positions of peaks at least 10% as large as the most intense peak 
are shown for unconditioned and conditioned catalyst samples. 
6. Catalytic Studies 
The catalytic studies were designed to yield comparative re-
sults to be used in evaluating the benefits of barium promoter ad-
dition to silver carbonate and silver (II) oxide based catalysts. 
Relative catalyst activities would be defined by a system at con-
stant catalyst mass and inlet gas feed rate. By varying the inlet 
gas composition, sufficient data could be generated to compare the 
six catalysts. 
The activity, conversions to ethylene oxide and carbon dioxide 
and the selectivity of each of the catalysts was determined. The 
method of calculation of these results are given in Appendix 4. The 
temperatures were varied in both positive and negative steps so that 
steady state exit concentrations would not be affected by a set p a t-
tern of temperature changes. Some data scatter was e ncountered be-
cause of this procedure, especially in the conversion of ethylene to 
ethylene oxide. However, the scatter generally was not more than 5% 
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the chromatographic analysis system. 
There are several sources of experLmental errors which will 
cause the data to be scattered. The source of the largest error is 
in the determination of the amount of ethylene oxide in the reactor 
effluent. This data is determined using the integrator in the gas 
chrotr.atographic analysis system. The measurement of the area under 
the ethylene oxide response curve is affected by the difference in 
the signal value at the front and rear of the EtO peak. The inte-
grator measured the area under the peak to a baseline which was 
drawn horizontally through the value of the detector output at the 
front of the peak. At high conversions to carbon dioxide there is 
a large tail on the water peak which elutes slowly from column l 
(6" Porapak Q). The ethylene oxide peak then appears as a. peak on 
the tail of the water peak. Part of this peak would then lie be-
low the baseline as drawn by the integrator. The resulting areafor 
the peak would then be less than the true value. 
There also was a problem in detecting the ethylene oxide peak 
at low conversions of ethylene. The peak detection slope, set to a 
value which would eliminate noise peaks, was large enough to not 
detect the ethylene oxide peaks below 4 millivolt-seconds in area. 
This corresponds to an outlet composition of about 0.15 to 0.20 
mole percent, depending on the conversion of ethylene to carbon di-
oxide and water. The tail of the water peak also affected the 
lower detection limit uf ethylene oxide. 
An error analysis was performed on a pseudo 70/30 i.nJ et composi-
tion reaction. The results of this analysis are shown inTable XVI. 







-10% EtO -10% C02 
-10% EtO +10% co2 
+10% EtO -10% C02 
-10% EtO +10% o2 
-10% C02 +10% Et 
TABLE XVI 
RESULTS OF GAS CHROMATOGRAPHIC SYSTEM ERROR ANALYSIS 
Inlet Composition Conversion 
oz Et to EtO To C02 total 
70.29 29.70 11.81 14.69 26.60 
70.49 29.50 10.75 14.87 25.62 
70.78 29.21 9.13 15.14 24.27 
71.29 28.70 6.27 15.62 21.89 
70.21 29.78 11.99 13.44 25.43 
70.41 29.58 10.92 13.58 24.50 
70.56 29.43 10.60 16.12 26.72 
70.01 29.98 13.03 13.26 26.29 















were used to calculate the inlet compositon, activity, conversions 
and selectivity to ethylene oxide. The integrator has an inherent 
accuracy of ~0.1% but larger values were investigated because of 
the peak detection errors discussed previously. The maxium poss-
ible error in ethylene oxide peak area was estimated to be -10 per-
cent of the true value. This estimate was based on visual observa-
tions of the slope of the baseline beneath the ethylene oxide peak. 
The calculations show that conversion of Et to EtO or co2 is 
approximately equal to the percent change in peak area of the af-
fected component. The change in the conversion of Et to the other 
component is about 1/7 of the change of the affected component. 
Thus, a 50 percent decrease in EtO peak area causes a 45 percent de-
crease in conversion to EtO and a 6.5 percent increase in conver-
sion to co2 • A set of combinations of plus and minus 10 percent 
changes in both EtO and co2 show that the maximum change in selec-
tivity to EtO to be ! 10 percent of the true value. This would in-
volve a rather unlikely combination of + 10 percent EtO plus -10% 
COz or the reverse of the magnitude of the percentages. The detec-
tion of the area under the co2 peak was observed to be constant 
within ! 2% except at very high conversion rates. Thus, an error 
of ~ 2 percent on an absolute basis was taken to be the maximt~ 
normal error of the analysis. At low conversion rates, the repeat-
ibility of the analysis was generally in the area of ~0.5 percent 
on an absolute basis. 
A second source of error was the ability to control the cata-
lyst temperature. The reaction is highly exothermic and reactor 
temperature control was difficult. A saturable core reactor control 
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system was tried with the tempexatere of the 'catalyst support being 
the rr;oni to red temperature. However, uncontrolled oscillations in 
reac t:.or temperatures were encountered and this system was discarded. 
A constant heat input to the reactor heating coil was supplied from 
variable auto transformers. In this case, however, changes in the 
reaction rate caused the catalyst temperature to vary by ~2.5°C. 
The ability to set the inpul voltage to the reactor heater and ob-
tain a desired catalyst temperature was hindered by the different 
activities of the six catalysts. A small increase in the heater in-
put voltage would increase the temperature of the AO catalyst by 
10°C where as the same increase would give a 40°C change in temper-
ature of the ACBC7 catalyst. 
Once an input voltage to the heaters had been set and the tem-
perature leveled out, variations of ± 2°C were experienced in the 
catalyst support temperature. There also was a 5°C temperature grad-
ient from the outer edge of the catalyst (near the heated reactor 
wall) and the center of the catalyst. There also was a l5°C tem-
perature difference between the reactor wall and an uncoated cata-
lyst support. During the catalyst comparison runs, temperature drops 
of 5 to 30°C from the reactor wall to catalyst center were recorded. 
In the case of the ACBC15, if the wall temperature was raised over 
250°C, the rate of reaction apparently increased to such a high level 
that the catalyst temperature rose to 330°C. Because of the large 
heat release of the reaction, the wall temperature would rise up 
to about 300°C but still was 30°C lower_ than the catalyst tempera-
ture. However, for all the other tests the reactor wall temperature 
was always greater than the catalyst temperature. 
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a. Conversion ~ Ethylene to Ethylene Oxide. The conversion 
of ethylene to ethylene oxide ranged from about 1.25 percent to 35 
percent on a molar basis. Results for each catalyst are presented 
in graphical form and will be discussed individually. 
Catalyst AO was the poorest of the six tested. As seen in Fig-
ure 19, maximum conversion to ethylene oxide of about 4 percent was 
realized at 300°C with an inlet composition of 90 percent oxygen. 
The maximum conversion fell to 1.25 percent when a 50 percent oxy-
gen mixture was fed to the reactor. The data points are marked as 
to chronological order of temperature levels. Some hysteresis is 
noted in the temperature-conversion curve. Conversions to ethylene 
oxide at temperatures on the positive temperature change curve were 
lower than those on the negative temperature change curve. This in-
dicates that the catalyst will not reach its highest activity until 
it is raised to a high temperature. The temperature coefficient of 
the reaction rate was affected by the inlet gas composition, with 
the largest effect being proportional to the oxygen content in the 
inlet gas. 
Catalyst AOBC showed dramatic improvement in conversion to 
ethylene oxide over the AO catalyst. Conversion was an order of 
magnitude larger than the non-promoted catalyst, as shown in Figure 
20. Two runs with an inlet composition of 70% o2 were made and no 
50%o 0 d 2 run was rna e. In the first 70/30 run, the conversion to EtO 
rose to about 25%, but as the temperature was lowered, conversion to 
EtO did not follow the same curve as when the temperature was raised. 
On the successive 70/30 run the data fell on the original increasing 
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Figure 20. Temperature Dependence of Ethylene Oxide Production for 
Catalyst AOBC 
87 
A slightly lower conversion was realized when a 90/10 inlet mixture 
was used. However, a peak in the temperature-conversion (T-C) curve 
occurs about 270°C where as there is a leveling out of the T-C curve 
above 300°C with a 70/30 inlet mixture. 
Conversion data for the AOBO catalyst are shown in Figure 21. 
This catalyst is better than either of the other silver (II) oxide 
catalysts. A peak in conversion is evident and occurs at decreas-
ing temperatures with increasing oxygen content in the reactor feed 
stream. 
The precipitated silver carbonate catalyst AC shows higher con-
version than the AO catalyst, although it too is unpromoted. The 
surface area of this catalyst is also less than that of the AO cata-
lyst as was shown by the micrographs from the scanning electron 
microscope. The effect of oxygen content is evident in the slope of 
the T-C curve. The slope of the T-C function increases gradually 
for a 50/50 inlet composition and rapidly above 250°C for a 70/30 in-
let gas. However, a decreasing function is noted for the 90/10 in-
let gas with a plateau being reached about 310°C. This is shown in 
Figure 22. 
Figure 23 shows the T-C curves for the ACBC7 catalyst. The cat-
alyst was first run in a 70/30 inlet mixture. Conversion jumped 
around until the temperature was raised to 315°C and then was low-
ered. Two curves are shown. The upper curve is the increasing 
temperature curve. The lower curve is the stabilized temperature-
conversion function. It parallels the upper one but is shifted by 
about 15%. The catalyst apparently is very unstable until the tem-
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Figure 23. Temperature Dependence of Ethylene Oxide Production for 
Catalyst ACBC7 
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scattered also. The temperature dependence of conversion for this 
run is higher than that of the 70/30 run. Couverison is lowest in 
the run where the inlet gas composition was 50% oxygen. 
Catalyst ACBC15 was also unstable initially. As the tempera-
ture was raised up 245°C, conversion increased. As the input to 
the reactor heater was increased a small amount, the temperature 
would increase to over 300°C.. Any attempt to lower the reactor 
temperature caused the catalyst temperature to fall to about 245°C. 
This trouble was not evident with a 90/10 inlet gas composition but 
was even more pronounced with a 50/50 inlet gas mixture. Maximum 
conversion was realized with the oxygen-rich mixture, while the 
70/30 and 50/50 inlet compositions had approximately the same con-
version.. The data are shown in Figure 24 .. 
Comparisons of the six catalysts are shown in Figure 25 and 
26. Here the effect of reactor inlet composition on conversion to 
EtO is shown. The general trend shown is that conversion increased 
along with the ten~erature. Deviations from this trend occur at 
high temperatures and an inlet composition of 90/10. The points in-
dicated with broken lines are estimated from extrapolations or in-
terpolations from the T-C curves. The data for the 70/30 run on 
the ACBC7 catalyst were taken from the low conversion curve since 
it was representative of the catalyst activity. 
b. Conversion ~~ Ethylene_ ~ Carbon Dioxide. There was ger;-
erally less scatter in the conversion to co2 than to EtO. The 
amount of Et converted to co2 ranged from 4 to 85% of the Et in the 
reactor feed. In all cases conversion increased with temperature, 
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Figure 24. Temperature Dependence of Ethylene Oxide Production for 
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results are shown in Figures 27-32. Similar trends are shown for 
several catalysts with the conversion of Et to Eto. The AOBC cata-
lyst showed the same unstableness of the surface during the first 
70/30 reaction. The repeat of the 70/30 test showed good repro-
ducibility of the conversion curve. 
Some data scatter is shown in Figure 30 for the 70/30 run on 
the AC catalyst. Thisis probably due to the drastic sintering tak-
ing place on the catalyst at the elevated temperatures. The dual 
curves in the initial ACBC7 conversion test are shown in Figure 31. 
The drop in conversion is only 5-8% as compared to a 15% drop in EtO 
production on this catalyst. The highest conversions to co2 were 
made with the ACBC15 catalyst. Figures 33 and 34 show the effect of 
inlet gas composition on conversion to COz. In all cases, conversion 
to co2 increased with temperature and oxygen content in the feed gas. 
c. Conversion of Ethylene. The conversion of ethylene toall 
products is denoted by most investigators as catalyst activity. In 
this investigation the six catalysts showed increasing activity with 
both temperature and oxygen content in the reactor feed. Figure 35 
through 40 show the temperature dependence of the conversion (activ-
ity) of the catalyst. Activity ranged from 5% to 95%. The effect 
of inlet composition on the activity of the catalysts is shown in 
Figures 41 and 42. 
d. Selectivity of Conversion ~ Etnylene Oxide. These data 
show the most scatter of all the data because the calculations tend 
to amplify the scatter in the conversion to both EtO and co 2 . The 
data also show that selectivity to EtO decreases with temperature 
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Figure 31. Temperature Dependence of Carbon Dioxide Production f or 
Catalyst ACBC7 
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results are shown in Figures 43 through 48. The same factors which 
influenced the conversion of ethylene to both EtO and co2 will be 
applicable here. Figures 49 and 50 show the influence of inlet gas 
composition on selectivity. The AO catalyst shows no trend in selec-
tivity, but this is probably due to the carbon layer present on the 
catalyst at low temperatures. Rather high selectivities were achiev-
ed with catalysts AOBO, AOBC and ACBC7. The ACBC7 catalyst actually 
exceeded the upper limit of 80% selectivity as explained by Vogue7 . 
However, conversion to EtO under the reaction conditions was at the 
lower limit of detection of the integrator and a very large data 
scatter was noted. The detection error could cause the selectivity 
calculated to be in excess of 80%. 
AO 
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Figure 43. Temperature Dependence of Ethylene Oxide Selectivity 
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Figure 44. Temperature Dependence of Ethylene Oxide Selectivity 
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Figure 45. Temperature Dependence of Ethylene Oxide Selectivity 
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Figure 47. Temperature D~pendence of Ethylene Oxide Selectivity 
for Catalyst ACBC7 
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Figure 48. Temperature Dependence of Ethylene Oxide Selectivity 
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VI. DISCUSSION OF RESULTS 
The results of this investigation show the importance of analyzing 
catalysts in as many ways as possible before attempting to correlate ki-
netic data or to compare catalysts. Proposed mechanisms which depend on 
the physical or chemical state of the catalyst surface must be consis-
tent with chemical and physical analyses of the surface. 
The various analyses each provided primary information about a cata-
lyst and reinforced conclusions based on information gathered from other 
analyses. For example, the Auger analysis indicated that carbon was pre-
sent on the AO catalyst. Subsequently, a carbon-hydrogen analysis showed 
large amounts of carbon to be present in the bulk catalyst. The thermal 
analysis showed that the catalyst was not silver (II) oxide, the material 
from which the catalyst was prepared. The large sloping peak in the 10 
to 20° of 2e region of the X-ray spectrum for the unconditioned catalyst 
also indicates that an organic compound is present. Thus, the results of 
all types of analyses can be combined to give a more complete view of 
the state of the catalyst before and after reaction. 
The Auger analyses show that the catalyst surfaces did not contain 
sulfur or chlorine so these materials c~uld not have affected the results 
of this study. More important, they show conclusively that there was no 
barium carbonate film on the surface of the catalyst. The increase in 
selectivity caused by the addition of barium cannot be attributed to the 
30 presence of a thin barium carbonate film as suggested by Spath even 
though the selectivities were essentially the same as his. 
The thermal analyzer was calibrated by analyzing a silver 
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carbonate-barium carbonate dry catalyst and its composition determined 
within 1% by weight. Thermal analysis of the wet AgO catalyst showed a 
change in composition caused by the addition of octanol as a mulling 
agent and an elemental analysis was performed. The elemental analysis 
confirmed the presence of excess carbon and hydrogen in a 1:2 ratio and 
a deficiency of oxygen. This suggests a decomposition of the silver (II) 
oxide and the presence of a hydrocarbon residue. The silver carbonate 
catalysts did not show these results either in the thermal or elemental 
analyses. The agreement between the selectivities of this study and 
those of Spath suggest that this residue has no important effect upon 
the catalytic action. 
The scanning electron micrographs of the unconditioned catalysts 
presented in this work are similar to those published by Spath. The 
presence of barium carbonate needles in the catalyst matrix were ob-
served and changes in particle size as the result of conditioning and 
subsequent reaction were comparable for the AOBC and AOBO systems. The 
presence of barium was shown to stablize the overall particle size and 
to reduce the tendency of the catalyst particles to agglormerate during 
conditioning and use. The micrographs for AOBC and AOBO catalysts show 
smaller agglomerates with about twice the surface area of the AO cata--
lyst. The activity of these catalysts is about twice that of the AO 
catalyst, suggesting (in agreement with Spath) that the primary effect 
of the barium additive is to produce a higher surface area catalys(. 
The presence of barium also modified the catalyst to cause a change 
in ethylene oxide yield which was not consistent with changes in surface 
area. For example, conversion to ethylene oxide is higher for catalyst 
ACBC7 than for ACBC15 even though the latter catalyst appeared to have a 
1 ') ) L.-
higher surface area. The chemical composition of the moderator also ap-
peared to affecc the conversion to ethylene oxide. Catalysts AOBO and 
AOBC had approximately the same surface area (SEM observation) with the 
same activity and ratio of silver to barium, but conversion to EtO by 
AOBO was about 30% greater than that for AOBC. 
Catalyst preparation is also a variable which affects catalyst ac-
tivity. The admixed catalyst (AOBO and AOBC) showed less conversion to 
EtO than either of the coprecipitated catalysts (ACBC7 or ACBC15). Part 
of the difference is due to the different silver compounds used in the 
preparation, but the precipitated silver carbonate-barium carbonate 
catalysts showed the smallest change in surface area of all the cata-
lysts, admixed or precipitated (AC). 
Toward the finish of this investigation it became possible to com-
pare the experimental results of this work with those published by 
Spath30. Even though Spath used diff~rent catalyst support geometries, a 
different solvent and application method for depositing the catalyst 
slurries, the selectivities reported here and in his workare comparable. 
The trends for the selectivities for the AOBO and AOBC catalysts are the 
same: selectivity decreases from 60% to 30/~ as the temperature increase s 
from 200° to 300°C. The X-ray diffrAction patterns and thermaJ analyses 
reported here verify Spath's findings that the bulk ~acalyst goes to 
silver as the result of conditioning at about 200°C. Our X-ray data 
show an amorphous halo in the region of 10-20 degrPes of 2.G l.ndicat-
ing the presence of an organic complex with the octaaol. Elemental ar:.d 
thermal analyses show this complex to be r eal. Spath does not indicat e 
any type of organic complex as the result of using methanol as the car r ier 
for his catalys slurries. The catalyst-octanol complex disappears upon 
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1. The addition of 7% by weight of barium, in the form of barium 
peroxide or barium carbonate, to the silver catalysts for ethylene oxi-
dation retards the sintering and agglomeration of the catalyst during 
conditioning and reaction to produce a catalyst with increased surface 
area which increases its activity. The barium also increases the selec-
tivity to ethylene oxide from 30% to 70%. 
2. Solvent alcohols used as mulling or adhesive agents may leave 
a residue on silver catalysts, although this residue will be removed by 
the conditioning procedure for ethylene oxidation and will not affect 
the catalyst activity. 
3. Higher activity by the catalysts prepared in this study is 
not due to a continuous thin layer of high surface area barium carbonate 
covering the silver surface. The Auger analyses does not preclude the 
presence of small amounts of barium carbonate being present on the cata-
lyst surface. However, the amount of carbon found was quite small and 
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Appendix 1 
THERMOGRAMS OF PURE COMPOUNDS 
AND CATALYSTS 
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Figure 1. DTA Results for Silver Carbonate Catalysts 
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Appendix 2a 
AUGER SENSITIVITY CALCULATIONS 
Sensivitity of Element X with Respect to Ag 
Scale Factor on Standard Spectra 






































SURFACE COMPOSITION CALCULATIONS 
Since we do not have a pure silver sample to base 





Scan Sample ACBC15-3 
X s 
x,Ag I I /S X X x,Ag 
Cl 0.265 14 52.9 
c 0.1095 23 210.0 
Ag 1.000 44 44.0 
0 0.511 8 15.7 
Ba 0.110 3 27.2 















CATALYST SURFACE COMPOSITION 
CATALYST SCAN SULFUR CHLORINE CARBON SILVER OXYGEN BARIUH 
152 EV 181 EV 272 EV 351 EV 510 EV 584 EV 
ACBC7 1A 1 1.3 3.6 0.0 30.2 22.1 42.8 
ACBC7 lA 2 0.0 0.0 0.0 34.9 22.0 43.1 
ACBC7 1A 3 1.3 5.2 0.0 29.7 22.3 41.5 
ACBC7 1A 4 2.0 3.6 0.0 32.3 22.6 39.4 
ACBC8 1A AVG 1.1 3.0 0.0 31.7 22.2 41.7 
ACBC7 2B 1 0.9 0.0 0.0 37.5 19.4 42.2 
ACBC7 2B 2 1.2 2.2 0.0 26.7 23.0 46.9 
ACBC7 2B 3 1.1 0.0 0.0 36.0 21.5 41.4 
ACBC7 2B AVG 1.0 0.7 0.0 33.4 21.3 43.5 
ACBC7 3A 1 0.0 o.o 0.0 59.6 17.4 23.0 
ACBC7 3A 2 0.0 0.0 0.0 45.8 16.3 37.9 
ACBC7 3A 6 0.0 0.0 0.0 52.8 19.2 27.9 
ACBC7 JA 7 0.0 0.0 0.0 48.7 18.0 33.4 
ACBC7 3A AVG 0.0 0.0 0.0 51.7 17.7 30.5 ........ ~ 
0 
CATALYST SCAN SULFUR 
152 EV 
AO lB 1 0.0 
AO 1B 2 0.0 
AO lB 3 0.0 
AO lB AVG 0.0 
AO 2B 1 2.7 
AO 2B 2 3.4 
AO 2B 3 7.3 
AO 2B AVG 4.4 
AO 7B 1 3.1 
AO 7B 2 4.1 
AO 7B 3 2.6 
AO 7B AVG 3.2 
CATALYST SURFACE COMPOSITION 
CHLORINE CARBON SILVER 
181 FN 272 EV 351 EV 
0.0 92.1 7.9 
0.0 94.7 5.3 
0.0 95.2 4.8 
0.0 94.0 5.9 
6.2 56.6 32.0 
5.1 67.0 22.3 
8.5 34.2 43.5 
6.2 52.6 32.5 
12.0 41.3 30.3 
13.1 36.1 36.1 
7.1 61.4 19.4 
































CATALYST SURFACE COMPOSITION 
CATALYST SCAN SULFUR CHLORINE CARBON SILVER OXYGEN BARIUM 
152 EV 181 EV 272 EV 351 EV 510 EV 584 EV 
AC 1B 1 0.0 57.7 0.0 34.3 8.0 0.0 
AC 1B 2 0.0 32.3 0.0 58.8 8.9 0.0 
AC 1B 3 0.0 62.3 0.0 31.8 6.0 0.0 
AC 1B AVG 0.0 50.7 0.0 41.6 7.6 0.0 
AC 2A 1 0.0 0.0 0.0 67.1 32.9 0.0 
AC 2A 2 0.0 0.0 0.0 67.1 32.9 0.0 
AC 2A 3 0.0 0.0 60.2 28.0 11.8 0.0 
AC 2A AVG 0.0 0.0 20.0 54.1 25.8 0.0 
AC 7B 1 0.0 0.0 0.0 61.7 38.3 0.0 
AC 7B 2 0.0 0.0 0.0 57.2 42.8 0.0 
AC 7B 3 0.0 0.0 0.0 69.1 30.9 0.0 




CATALYST SURFACE COMPOSITION 
CATALYST SCAN SULFUR CHLORINE CARBON SILVER OXYGEN BARIUM 
152 EV 181 EV 272 EV 351 EV 510 EV 584 EV 
ACBC15 1 1 0.0 0.0 o.o 17.7 28.8 53.5 
ACBC15 1 2 0.0 0.0 0.0 11.2 23.4 65.5 
ACBC15 1 3 0.0 0.0 0.0 16.8 28.7 54.5 
ACBC15 1 AVG o.o 0.0 0.0 15.2 26.9 57.8 
ACBC15 2 1 0.0 0.0 0.0 24.9 24.3 50.8 
ACBClS 2 2 0.0 0.0 0.0 29.2 24.3 46.5 
ACBC15 2 3 0.0 0.0 0.0 14.5 25.7 59.8 
ACBC15 2 AVG 0.0 0.0 0.0 22.8 24.7 52.3 
ACBC15 3 1 0.0 0.0 78.6 2.2 11.4 7.8 
ACBC15 3 2 0.0 15.1 60.0 12.6 4.5 7.8 
ACBC15 3 3 0.0 0.0 33.3 17.2 16.3 33.2 
ACBC15 3 4 0.0 0.0 40.7 8.2 17.4 33.7 
ACBC15 3 AVG o.o 3.7 53.1 10.0 12.3 20.6 ~ 
.f:-. 
w 
CATALYST SURFACE COMPOSITION 
CATALYST SCAN SULFUR CHLORINE CARBON SILVER OXYGEN BARIUM 
152 EV 181 EV 272 EV 351 EV 510 EV 584 EV 
AOBO lA 1 0.0 0.0 0.0 56.8 17.0 26.3 
AOBO lA 2 0.0 0.0 0.0 58.7 15.1 26.2 
AOBO lA 3 0.0 0.0 0.0 61.5 10.5 28.0 
AOBO lA AVG 0.0 o.o 0.0 58.9 14.1 26.8 
AOBO 2B 1 7.8 0.0 0.0 84.0 8.2 0.0 
AOBO 2B 2 4.2 0.0 0.0 67.6 7.4 20.7 
AOBO 2B 3 5.0 0.0 0.0 86.2 8.8 0.0 
AOBO 2B 4 7.3 0.0 0.0 84.9 7.8 0.0 
AOBO 2B AVG 5.9 0.0 0.0 82.1 7.7 4.1 
AOBO 3B 1 0.0 0.0 0.0 63.5 14.3 22.2 
AOBO 3B 2 0.0 0.0 0.0 78.7 21.3 0.0 
A.OBO 3B 3 0.0 0.0 G.G 72.0 ll.G ll.G 
AOBO JB 4 o.o 0.0 0.0 80.6 19.4 0.0 t--
..... 
..... 
AOBO 3B AVG 0.0 0.0 0.0 72.6 15.3 11.9 
CATALYST SURFACE CONPOSITION 
CATALYST SCAN SULFUR CHLORINE CARBON SILVER OXYGEN BARIUM 
152 EV 181 EV 272 EV 351 EV 510 EV 584 EV 
AOBC 1A 1 0.0 19.6 0.0 41.5 15.2 23.6 
AOBC 1A 2 0.0 43.1 0.0 47.3 9.6 0.0 
AOBC lA 3 0.0 45.5 0.0 45.4 9.1 0.0 
AOBC 1A AVG 0.0 36.0 0.0 44.7 11.2 7.8 
AOBC 2B 1 0.0 0.0 0.0 48.9 18.7 32.5 
AOBC 2B 2 0.0 o.o 0.0 51.2 17.8 31.0 
AOBC 2B 3 0.0 0.0 0.0 54.8 16.5 28.7 
AOBC 2B AVG 0.0 0.0 0.0 51.6 17.6 30.7 
AOBC 6B 1 2.2 0.0 0.0 53.7 15.4 28.7 
AOBC 6B 2 1.1 0.0 0.0 53.1 17.0 28.8 
AOBC 6B 3 2.0 0.0 o.o 56.9 15.3 25.9 
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Appendix 4a 
CALCULATION OF RESULTS OF GAS CHROMATOGRAPH DATA 
The data from the reactor system was in three forms: a strip-type 
recorder chart of the gas chromatogram output; a strip-type recorder chart 
of the various reactor temperatures; and a printer output from the integ-
rator. These were marked simultaneously several times per run to time-
normalize the data recorded. 
The raw data which was used in the calculations was the chromato-
gram number, temperature at the time the sample was taken and the areas 
of the EtO, o2 , co2 and Et peaks. The areas from the integrator input 
were normalized into equivalent areas of oxygen by dividing them by the 
approximate area response factor. Oxygen was used as the standard peak 
since it was always present in the chromatogram and in most cases was the 
largest peak. 
Exit gas composition was determined by back calculating how many 
moles of o2 and Et would have been present to give 100 moles of exit gas 
at the given composition. From the equations below it can be seen that 
the number of moles of oxygen in the reactor feed needed to give 100 moles 
of exit gas of any composition is equal to the number of moles of unre-
acted Et plus one half of the moles of EtO plus 3/2 times the moles of 
. co2 leaving. Likewise, the equivalent moles of Et in the inlet gas was 
equal to the moles unreacted Et plus the moles EtO leaving plus one half 
the number of moles of co2 leaving. 
c2H4 + 1/2 o2 (I) 
164 
(II) 
The moles of Et and o2 determined to give 100 moles of outlet gas 
were summed and divided into the individual quantities to give the mole 
percent of each gas in the inlet feedstream. 
Conversion of ethylene was calculated by dividing the moles of Et in 
the feed into the mol~s of EtO or co 2 in the exit gas. This is a conver-
sion to a specific product, either EtO or co2 • The total conversion of 
ethylene, also designated catalyst activity, is the sum of the two par-
tial conversions. 
Selectivity is defined in this work as the fraction of the reacted 
ethylene which was converted to a specific product. Thus, selectivity 
of ethylene to ethylene oxide is the fraction of the reacted ethylene 
which was converted to ethylene oxide. 
A sample calculation is shown in Section B of this appendix. Desig-
nations for the computer program used to calculate the results are also 
given. The computer program listing is on file with Dr. K. G. Mayhan of 
the Chemical Engineering Department of the University of Missouri-Rolla. 
Appendix 4b 
SAMPLE CALCULATION FOR GAS CHROMATOGRAPH RESULTS 
Date: June 17, 1973 Run: 12 
Catalyst: AC G.C. 1184 
Temperature: 291°C 



















o2 = 880411/1.00 C02 = 176087/1.27 Et = 514623/1.27 
Total =- Al + A2 + A3 
Outlet Gas Composition: 
































Moles of Inlet Gases necessary to give 100 moles out: 
0 2 = 0.5* 4.95 + 1.5* 9.25 + 58.75 75.10 E2 
Et = 4.95 + 0.5* 9.25 + 27.04 36.62 E4 
Total =111. 72 E6 
Percent Gas in Inlet Feed: 
o 2 = 75.10/111.72- 67.22% 





Conversion of Ethylene: 
to EtO 4.95* 100/36.62 13.52% Gl 
to co2 0.5* 9.25* 100/36.62 12.63% G3 
Total 26.15 E5 
Selectivity: 
to EtO = 13.52 X 100/26.15 51.70% E1 
to co2 = 12.63 X 100/26.15 48.30% E3 
